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SUMMARY 

In order to emphasize areas where research is needed in connection with high Mach 
number heat transfer processes, a comparative analysis of three aerodynamic shapes was 
made. The results point to the need for additional aerodynamic data at high Mach 
numbers and low densities. Especially needed is experimental information in connection 
with high temperature thermodynamic properties of air; subsonic high temperature flows 
with pressure and temperature gradients; high temperate supersonic flows with pressure 
gradients and temperate gradients; possible effects of dissociation on heat transfer 
conditions in high energy streams; and circumstances under which boundary layer 
transition occurs at high Mach numbers in free flight. The writers conclude that in view 
of the existing state of knowledge regarding the foregoing factors it is probably not feasible 
to choose a “‘best aerodynamic shape”’ at this time. However, it appears that the bluff 
body of high drag to weight ratio has some distinct advantages where aerodynamic heating 
and heat transfer are concerned. One positive result is an indication that a false skin 
construction with only radiation cooling may be helpful in obtaining a practical solution 
of the aerodynamic heating problem. 


Introduction 
At high speeds such as those which one might anticipate for bodies re- 
entering Earth’s atmosphere during the course of their trajectories, heating 
of the vehicles due to friction with the air through which they pass becomes a 
critical problem. In contemplating this problem from a state of no-sophistica- 
tion it occurred to the authors that for comparable conditions at the re-entry 
point of the trajectories (of two different re-entering vehicles) the vehicle which 
slows down fastest should have least difficulty with aerodynamic heating. It 
seemed reasonable that, of the two vehicles, the one having the greater ratio of 
drag to thrust should slow down most quickly. Assuming that the vehicles 
were coasters, the ratio of drag to weight should be a definitive parameter. It 
was decided to make an analysis of such a situation partly to test this hypo- 
thesis and partly to expose in some detail the difficulties and the lack of needed 
information pursuant to this type of analysis. 
It seemed obvious that the greatest possible drag to weight ratio would be 
obtained in the case of a flat plate moving normal to its surface. Therefore a 
configuration of this general type was selected as one subject. Since one 
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configuration of particular interest e00 
to us is the cone-cylinder com- 
bination, it was selected as the 
second configuration for study. 

A third configuration was chosen ” XY fe 
to be a compromise between these oe | 
extremes. It took the form of a 4 
hemisphere-cylinder combination. 400; | 

Sketches of the three configura- 
tions selected together with their 
supposed booster rockets are 
shown as Fig. 1. 

In the interests of simplicity 
and conservatism a straight fall-in 
from an altitude sufficiently great 
to provide Mach number 12 as a asec 


ALTITUDE IN MILES 


maximum was selected as the 
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analysis it was believed that this 
trajectory would serve as well as 
any other. ; 

It was decided to ‘‘construct” the vehicles with a very thin ‘“‘heat bumper” 
outer skin. Such a skin has zero heat capacity and must reach radiation 
equilibrium with its environment at every instant. The construction would be 
such that an inner structural skin would support the heat bumper and carry 
the aerodynamic structural loads. 

It was decided that a fair comparison of vehicles would be one where the 
required payload to be carried would be the same for each vehicle. This pay- 
load was to be considered concentrated in the ‘freight compartment” of each 
vehicle. Fig. 2 shows sketches of each of the freight compartments considered. 

The dimensions chosen were rather arbitrary, especially the thickness of the 
triangle which was selected simply in order to make the triangle fairly strong 
under the decelerations to be encountered during the descent. 


The Trajectory 

In order that the separated vehicles should reach Mach number 12 during 
fall-in, it would be necessary for the configurations to reach a zenith of about 
500 miles (Fig. 3). Since the mean-free path at 250 miles is approximately 
2 miles, it is clear that very few molecules would be encountered by the vehicles 
during their fall through the first 250 miles of the trajectory. At 120 miles, 
the mean free path has decreased to 70 feet. By the time they had fallen to an 
altitude of 50 miles the mean free path would be only 2 mm. and many collisions 
between molecules and vehicles would occur every micro-second. 

As the vehicles fall it is evident that atmospheric resistance to their fall will 
increase as the density increases and that the trajectory will be altered according 
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to the balance between the gravitational force and the aerodynamic resistance. 
The aerodynamic forces will become evident first as impulses due to encounters 
with individual molecules and then, as the frequency of collision with molecules 
continuously increases, gradual transition from the free-molecule to the mixed- 
flow to the slip-flow regime will occur and finally a gradual shifting over into 
the continuum flow regime will take place. Thus, all of these areas of fluid 
mechanics are of interest in this type of problem and much of this region is as 
yet incompletely explored. As a matter of interest, the extent of the various 
regimes for these vehicles in this trajectory is shown in Fig. 3. 


Calculation of the Motion 
The behaviour of the three vehicles as they fall in toward Earth may be 
described by the Second Law of Motion 


F = ma - ea ‘se re (1) 
where the force (F) is the net force resulting from the opposition of the gravita- 
tional force and the aerodynamic drag. This equation may be re-written 

Cy 1/2 p V7A V 


IL 
l ——_——— =, .. ve bs (2) 
mg g 





where the drag coefficient depends on the shape of the vehicle and the aero- 
dynamic regime as well as on the Mach number and Reynolds number of the 
vehicle. 

The resistance to passage of the vehicle afforded by the occasional molecule 
it encounters during the first part of its fall is negligible relative to its weight 
(mg'). Therefore, it is possible to solve equation (2) by establishing the first 
portion of the trajectory under the assumption that the ratio of drag to weight 
was much less than unity. 

After this was done, a second run down was made during which trial values 
of drag were computed until the ratio of drag to weight assumed a value of 0-01. 
Beyond this point all vehicles were in the continuum flow regime (compare 
Figs. 3 and 6), and an iterative solution of equation 2 was performed using values 
of the drag coefficients as shown in Fig. 5. There is no knowledge of the drag 
of Apache-like bodies moving as shown in Fig. 4 at high speeds. There is a 
limited amount of data for disks, but this information is incomplete at high 
speeds.! For our purpose, the drag coefficient information for Apache was 
taken from artillery range firings of blunt ended cylinders. It is recognized 
that these drag coefficient values are probably somewhat smaller than what 
one might expect for flat bodies. It is assumed that this difference will have 
no qualitative effect on the present analysis. In the absence of higher Mach 
number data, it was necessary to extrapolate the curves (Fig. 5) to Mach 
number 12 from reference (3). 


Results of the Trajectory Calculation 
The variation of deceleration with altitude obtained as a result of the 
solution of equation 2 is shown in Fig. 6. As previously mentioned, the effect 
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of drag on the trajectories turned out to be of negligible importance for altitudes 
above 60 miles. Obviously, this is the same as saying that for this and greater 
altitudes the drag term in equation 2 is negligible relative to the gravitational 
acceleration term. Certainly this balance will vary depending on the type of 
trajectory. Trajectories for returning to Earth’s atmosphere might be chosen 
in any one of a number of different ways varying from the vertical one which 
we investigate here to one which would be quite close to parallel to Earth’s 
surface. For example, if one were re-entering Earth’s atmosphere from an 
orbital path, it would ordinarily be advantageous to enter tangentially and to 
avoid the aerodynamic heating difficulty by skipping in and out of Earth’s 
atmosphere until a suitably low velocity was obtained. 

At approximately 48 miles in the fall-in trajectory we have chosen, Apache 
begins to decelerate appreciably. At an altitude of about 190,000 feet, it is for 
the first time in instantaneous dynamic equilibrium with its environment. It 
then decelerates at a rapidly increasing rate until it reaches a peak deceleration 
at an altitude of 80,000 feet which is close to — 40g. As it falls below this 
altitude its rate of deceleration decreases rapidly until it reaches dynamic 
equilibrium with its environment at approximately 20,000 feet. It then 
maintains essentially zero acceleration during the remaining portion of the 
trajectory. Due to the bluntness of the shape, the effect of the aerodynamic 
force is felt soonest in the case of the Apache vehicle and the deceleration reaches 
a peak value much more rapidly than in the case of the Ballistics and Cannon- 
ball missiles. It is quite interesting to note, however, that the peak value of 
decelerations attained is approximately the same in all cases investigated. 
Referring back to Fig. 3 for a moment one sees that the peak deceleration is 
reached quite near the end of the trajectory, where the absolute pressure has 
increased to a comparatively large value. As a matter of fact, Apache falls 
nearly nine-tenths of the way to Earth before the effect of the atmosphere is 
noticed. In the case of Ballistics and Cannonball no preceptible braking effect 
of the atmosphere on the trajectory is noticed until an altitude of approximately 
30 miles is reached. We will later see, however, that the effect of aerodynamic 
heating is noticeable at higher altitudes. 

Integration of the acceleration versus altitude curve produced the velocity 
versus altitude curve shown as Fig. 7. The maximum velocity reached by 
Apache is about 11,500 ft/sec. while the maximum velocities reached by 
Ballistics and Cannonball are only slightly higher. However, at an altitude 
of 50,000 feet the Apache has slowed to a velocity of 2,000 ft/sec. while 
Cannonball and Ballistics are still travelling at a speed of roughly 10,000 ft/sec. 
The Apache reaches Earth’s surface with a velocity of only 520 ft/sec. (at Earth’s 
surface) whereas Ballistics hits the ground at 3,500 ft/sec. 

The final integration resulted in the time to fall curve shown as Fig. 8. The 
time represented on the horizontal axis of this plot is time required to fall 
from the zenith of the trajectory. Ballistics and Cannonball vehicles require 
approximately 450 seconds to reach Earth or about 74 minutes. Due to the 
different deceleration characteristics of Apache, it requires about 8} minutes 
to reach Earth. 

If time-over-target were a consideration then it might be said that Apache 
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would be at a disadvantage in this regard. However, it should be remembered 
that Apache was originally conceived as a flying triangle which could be thrown 
over into a supersonic glide and operated in this way at the command of the 
operator. In this way, Apache might be able to improve its time-over-target 
characteristic. 

It is expected that the Mach number versus altitude trace for the three 
vehicles will show some irregularities due to the rather erratic variation of 
temperature and consequently the speed of sound through the upper atmosphere. 
Fig. 9 shows the variation in Mach number for the three vehicles as they fall 
toward Earth’s surface. It can be seen that the maximum Mach number 
obtained is roughly 12 in the case of the Ballistics and Cannonball vehicles 
although for Apache Mach number I1 is never exceeded. Apache leaves the 
supersonic regime and moves into subsonic flow at an altitude of roughly 40,000 
feet. Ballistics and Cannonball, on the other hand, fall with supersonic 
velocity for all of the significant aerodynamic portions of the trajectory. 

Summarizing, we have seen first of all that Earth’s atmosphere has little 
braking effect on these vehicles until they have completed approximately nine- 
tenths of their fall. We have also seen that the shape with the highest drag 
to weight ratio (namely Apache) first shows the braking effect of Earth’s atmos- 
phere. A somewhat surprising result is that the peak decelerations for all 
shapes are approximately the same. Final dynamic equilibrium of a vehicle 
with its environment is reached only in the case of the Apache while 
Ballistics and Cannonball strike the ground at very high velocities. 


Aerodynamic Heating and Heat Transfer 

Since the thermal history of a process is commonly of importance in heat 
transfer calculations, it may be in order at this point briefly to review the com- 
plete trajectory with an eye to variations in temperature of the vehicles during 
their flight. The vehicles are assumed to begin their flight at a temperature 
approximately equal to ambient atmospheric temperature on Earth. After 
firing, the vehicles accelerate continuously until burn-out point is reached and 
then coast to the zenith of the trajectory. Separation of the vehicle from the 
launcher is assumed to occur at some altitude below the zenith where that 
separation is most expeditiously effected. After reaching the zenith, the 
separated vehicle falls back into the atmosphere as previously described. 

During the rise of the vehicle toward the zenith of its trajectory its velocity 
would increase to a maximum and then decrease to zero. It would normally be 
possible to control the rise in order to avoid any critical difficulty with aero- 
dynamic heating during this portion of the trajectory. During the latter 
portion of the rise, the vehicle convective heating would cease to be a factor 
and the vehicle would be receiving thermal energy from the sun by radiation 
and would be losing energy to Earth and to outer space by radiation. At the 
zenith the vehicle either would or would not be in temperature equilibrium with 
its environment depending primarily upon its thermal capacity and the 
trajectory chosen. 

As the vehicle begins to fall back into Earth’s atmosphere from (in this case) 
an altitude of 500 miles it encounters only an occasional molecule. At the point 
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where this occasional molecule collides with the vehicle surface there most 
certainly will be an exchange of energy between the surface molecules of the 
vehicle and the pedestrian or run-over air molecule, but the effect of this collision 
on the surface would be something like that of a small pebble dropped into a 
large, relatively quiet lake. This local disturbance should have no perceptible 
effect on the total state of the vehicle. As the vehicle accelerates and moves 
further and further into Earth’s atmosphere the frequency of collisions with 
molecules increases like a gradually increasing shower of rain drops on the lake 
until, gradually, the vehicle becomes aware of the total disturbance caused by 
the collisions and the surface temperature rises. 

When the frequency of collision rises above a certain ill-defined level, mole- 
cules leaving the surface after a collison with it will be able to impart this 
experience to molecules in the path of the vehicle but heretofore unaware of its 
approach. The increasing frequency of this sort of telegraphing ahead of the 
approach of the vehicle to molecules in its path results in the establishment of a 
pressure and temperature field in the environment of the vehicle. 

As the frequency of collisions among molecules immediately adjacent to 
the surface of the vehicle increases still more, a transfer of the ordered motion 
of molecules just emitted from the plate surface to molecules immediately 
adjacent to the surface occurs. The net result is a particular type of directed 
motion of adjacent molecules parallel to the surface of the vehicle and a bound- 
ary layer begins to be defined. Frictional heating due to this transport 
phenomenon gradually becomes a factor and thermal energy is carried into the 
vehicle from its immediate environment at a relatively greater rate. 

If the speed of the vehicle has increased beyond the speed of propagation 
of small pressure disturbances (that is, the speed of sound) in the vehicle’s 
environment, the approach of the vehicle can no longer be telegraphed ahead. 
Under these circumstances a shock wave forms if the characteristic dimensions 
of the vehicle are larger than a few mean free molecular paths. At the vehicle 
speeds relative to mean molecular speeds which are considered here, the colli- 
sions between molecules moving with the vehicle behind the shock and those 
over-run by the shock wave are very severe. As a matter of fact, we are 
approaching collision energies where we may expect many of the molecules 
involved to be torn apart by these collisions. 

As the temperature of the surface of the vehicle rises, the thermal energy 
is partly conducted into the cooler interior of the vehicle (in case of an un- 
insulated surface) and partly radiated from the surface into outer space. The 
conduction process takes a greater or lesser time depending on the ability of 
the material of which the vehicle is made to transport the thermal energy away 
from the surface. Therefore, the heat transfer process may become a seriously 
time dependent sort of process. At any instant in time the state of the vehicle 
must depend not only on conditions at the given instant but also on the thermal 
history of the vehicle during its trajectory. 

As the vehicle continues into Earth’s atmosphere, the surface temperature 
may continue to rise until surface melting, erosion, and similar troubles develop. 
If the material of the vehicle is such that a significant lag in time occurs between 
the deposition of thermal energy at the vehicle surface and transport of this 
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energy into the interior, severe temperature gradients and serious resulting 
thermal stresses may also occur. 


Simplifying Assumptions 

The calculation of the thermal history of the vehicles was a greater task 
than we cared to undertake; hence, the assumption of construction with a heat 
bumper skin. Presumably, then, the outer skin would come quickly into 
radiation equilibrium with the environment through which the vehicle falls. 
Since the very thin false skin is assumed to have no heat capacity, the thermal 
memory of the vehicle is eliminated, so tospeak. The conditions of the calcula- 
tions justified an assumption that the contribution of thermal energy to the 
vehicles from the Sun and the effect of the presence of Earth on the radiation 
calculations could, for the most part, be neglected. By this means the calcula- 
tion is already enormously simplified. 

Now we simply state that 

h(T,—T,) =c(1)T,* .. + os (3) 


or that all of the heat which is transferred from the air to the heat bumper 
skin by friction is removed by radiation and we assume that this process 
depends only on the state of the surface at the instant in time considered. 
Further, we assumed an emissivity of unity since this makes no order of magni- 
tude difference for our comparative calculation. We are left with heat transfer 
coefficients which depend on the type of vehicle we consider and the aerodynamic 
regime through which it moves, and a recovery temperature in terms of which 
the heat transfer coefficient is defined. 

According to Eckert,‘ 7; is the temperature which a surface assumes when 
it is in convective heat exchange with the high speed flow but otherwise not 
cooled or heated (by radiation, or by heat conduction into the solid wall in- 
terior). The insulated wall temperature (for this calculation) was obtained 
from 





“im 
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where 7 is the recovery factor. For the purpose of these calculations, the 
recovery factor was defined in terms of property values in the flow just outside 
the boundary layer. The equations used were 


— = 
‘iam = VPr; turd = VPr. 


Suitable values of recovery factor for use in these calculations were obtained 
with help from the trajectory calculations previously discussed. Values of the 
Prandtl number were selected according to the magnitudes of temperature of 
the air downstream of the shock wave and just outside the boundary layer at 
the surface station considered in each case. There are, at present, at least three 
different theoretical predictions of the dependence of Prandtl number on 
temperature. In the absence of suitable experimental values of Pr at these high 
temperatures (3,000° R < T, maz < 10,000° R) the theoretical results of 
Chapman and Cowling as presented in reference 4 were used. 
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Qualitative Aspects of the Aerodynamic Field 

Although the recovery factor can be expressed with reasonable accuracy in 
terms of the Prandtl number alone, the rate of convective heat transfer to the 
vehicle surface (thus, the heat transfer coefficient 4) has a much stronger 
dependence upon the general character of the aerodynamic field. Fig. 4 shows 
some of the characteristics of the aerodynamic fields of the vehicles as one 
might expect them to appear once the vehicles have fallen to a height where a 
shock wave and a boundary layer can be expected. A discussion of some of the 
salient features of these fields may serve to point to some of the difficulties 
connected with the general calculation of heat transfer characteristics of such 
vehicles at this time. We have limited our discussion to a region relatively 
near the vehicle stagnation points in the interest of simplicity. 

Note that in the case of the Apache vehicle the boundary layer has been 
assumed to exist in a subsonic flow on the entire front face of the vehicle behind 
a strong shock. For the Ballistics, on the other hand, the flow at the outer 
edge of the boundary layer is uniformly supersonic. The Cannonball presents 
a mixture of subsonic and supersonic flow at the outer edge of the boundary 
layer. 

For the Apache and for the Cannonball vehicles we expect strong shock 
waves to have formed by the time they return to Earth’s atmosphere, whereas 
in the case of the Ballistics missile a less strong conical shock wave is attached 
to the missile. 

The normal shock wave occurring in connection with the Apache means 
extremely high collision energies within the shock wave and possible dissocia- 
tion. In the case of the Ballistics missile dissociation may not take place 
through the weaker cenical shock wave. On the other hand, there would be a 
larger temperature gradient through the boundary layer (in contrast to the 
Apache case) and dissociation may take place in the boundary layer itself. 
However, the probability is high in both cases that recombination may occur 
in the cool region of the boundary layer immediately adjacent to the surface. 
The amount of cooling (hence, the degree of recombination) which takes place 
will depend on the transparency of the dissociated flow to radiation from the 
surface. The Cannonball, will present a mixture of the two previously dis- 
cussed configurations so far as the dissociation effect is concerned, resembling 
Apache where flow just downstream of the nose is concerned and Ballistics 
once the flow along the surface has accelerated to supersonic speed relative to 
the vehicle surface. Since little is known about the effect of dissociation in this 
type of convective heat transfer process at the present time, the effect of 
dissociation was ignored in the following calculations. 

For the Apache, the boundary layer forms and develops in the very high 
temperature flow behind the normal shock wave under the conditions of a 
favourable pressure gradient and a temperature gradient even though it 
remains or is assumed to remain subsonic over all the face. For these conditions, 
analysis of the situation has not yet been completely developed. For the 
Ballistics, flow just outside the boundary layer is entirely supersonic and there 
are no pressure gradients or temperature gradients along conical rays; however, 
a temperature gradient along the surface exists. The laminar boundary layer 
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analysis has been developed for this case. At Mach 12, the shock wave on the 
Ballistics missile would be practically coincident with the cone surface (nose 
angle = 22-5°; wave angle = 25°). There remains a great deal to be discovered 
experimentally about this “hypersonic flow” situation although supersonic flow 
(Mach number less than about 5, loosely speaking) around the cone is reasonably 
well understood for the most part. For the Cannonball one has a mixture of the 
previously described boundary layer situation with some subsonic and some 
supersonic flow. However the supersonic portion of the flow in contrast with 
the conical flow case involves consideration of large pressure gradients and 
temperature gradients. Again, there is little available experimental informa- 
tion relative to the behaviour of the boundary layer under these circumstances 
even at low supersonic speeds. 


Radiation Equilibrium 

In order to calculate the Apache and Cannonball radiation equilibrium 
temperatures in the face of all this difficulty we chose the point at the surface 
where Mach number unity is reached because we could readily determine 
conditions outside the boundary layer at this position. This gave us different 
characteristic lengths for the A and C cases, and so we chose an intermediate 
point on the cone surface, realizing that we could calculate conditions for every 
point on the surface of the cone. We later made calculations for positions on 
the cone corresponding to each of the conditions selected on the other two 
configurations which showed that the amount of variation in characteristic 
distance encountered made no qualitative difference in the results of the 
analysis. 

Our final calculation was of theform 





i T.a +77 MA) - Te] = 00) Te rn) 


Equation (5) is expressed entirely in terms of conditions outside of the boundary 
layer and at the wall. Substituting the values of Mach number and tempera- 
ture just outside the boundary layer obtained from our trajectory calculations 
there remained only a judicious selection of heat transfer coefficient from 
available experimental and theoretical information.* 

It should be emphasized that, really, insufficient information exists to enable 
one to state with absolute authority that the value of the heat transfer coeffi- 
cient should be under the circumstances which we have described. It must be 
admitted that the details of the physical processes occurring in the turbulent 
boundary layer at high speeds are not, at present, well understood. As a direct 
result of this situation, the large number of theories which have been formulated 
during the past few years proffer widely differing values of heat transfer coeffi- 
cient for even the simplest physical case ; namely, flow over a flat plate presented 
edge-on to the flow such that the least amount of disturbance in the fluid is 
caused. It is encouraging that the laminar boundary layer under these 
circumstances has proved quite tractable to analysis and that existing theories 
have been well substantiated by experiment for Mach numbers below 5. For 
this idealized plate case there is no temperature variation along the outer edge 
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of the boundary layer in the flow direction and there are no pressure gradients 
in the boundary layer flow. At low supersonic speeds where radiation is 
negligible, the surface temperature is equai to the recovery temperature and is 
therefore constant. At high supersonic speeds where radiation becomes 
important, the surface temperature is no longer equal to the recovery tempera- 
ture and a surface temperature gradient in the flow direction appears. The 
analogous aerodynamic situation occurs in the boundary layer flow over the 
conical nose of our Ballistics vehicle. 

The Apache and the Cannonball flows are more complicated and are 
characterized by both surface temperature variation and pressure gradients. 
Theories for the behaviour of the laminar boundary layer under these circum- 
stances at Mach numbers lower than 5 are in existence. Methods for calculating 
values of skin friction coefficient and heat transfer coefficient in the case of 
turbulent boundary layers are also in existence. Adequate experimental 
verification of these theories at the present time is lacking. 

There is some theoretical information available relative to the aerodynamic 
heating effect at Mach numbers up to 20; however, experimental results in this 
Mach number range to date are quite limited. An excellent bibliography of 
material available in this field to the end of the year 1953 is presented in 
reference 4. 

At low supersonic Mach numbers it has been shown experimentally that 
the effect of pressure gradient on heat transfer coefficient is slight. Therefore 
for these calculations since the Mach number at the stations investigated was 
unity it was assumed that pressure gradient had no effect on the heat transfer 
coefficient values. In accordance with the suggested procedure of reference 4, 
an empirical temperature gradient correction factor corresponding to a linear 
variation was applied to obtain values of heat transfer coefficients to correspond 
to the temperature gradients encountered for laminar boundary layers on all 
three vehicles. 

In order to assess the justification of the assumption of a linear gradient for 
Apache and Cannonball, the radiation equilibrium stagnation point tempera- 
tures were calculated and compared with the sonic line temperatures. Heat 
transfer coefficients were calculated according to the procedure suggested in 
reference 9. The stagnation point temperatures were not greatly different from 
the sonic line temperatures. 

No attempt was made to account for temperature gradients for the turbulent 
boundary layer cases. At the present time, the calculation procedures involved 
are prohibitively laborious where large numbers of calculations must be made. 
Furthermore, the validity of the methods has not been experimentally estab- 
lished for supersonic speeds. 

The results of the calculation of radiation equilibrium temperature for the 
three cases are shown as Figs. 10 and 11. The calculations were made for both 
laminar and turbulent boundary layers. Above 200,000 feet altitude the 
temperatures for these configurations in this trajectory are not excessive. Ata 
temperature of 2,000° R, for example, stainless steel 22 Cr-11 Ni might serve 
very well as a skin. However, the highest non-stagnation point temperature 
reached by any configuration is approximately 5,000° R which exceeds the 
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melting temperature for many of the ceramics. The results of the laminar 
boundary layer calculations (Fig. 10) show Apache to be consistently cooler 
than Ballistics or Cannonball during fall-in. The maximum temperature 
reached for Apache is 2,600° R while a maximum of 3,700° R is reached for 
Ballistics at the mean surface location. Calculation of the Ballistics surface 
temperatures upstream and downstream of the mean location are indicated by 
the symbols. The locations chosen correspond to the surface station distances 
downstream from the stagnation point investigated for Apache and Cannonball. 
No qualitative difference in the comparison of the three shapes due to the 
different surface locations investigated is indicated. 

In order to obtain an idea of the magnitude of pressure gradients and 
temperature gradients for Apache and Cannonball, stagnation point conditions 
were investigated. An evaluation of pressure gradients showed them to be 
quite small when compared with supersonic wind tunnel experience on geometric- 
ally similar shapes. This is due to the great difference in size of the objects 
compared. 

The magnitude of stagnation point temperatures on large blunt objects 
like Apache and Cannonball in radiation equilibrium is somewhat lower than 
one might expect. The method of reference 9 should be a reasonable approach 
to this calculation and it shows the stagnation point temperature for Cannonball 
(Fig. 10) to be not greatly different from the sonic line temperature. Apache 
is qualitatively the same as Cannonball. These results indicate that relative 
temperature variation in the subsonic boundary layer of Cannonball and along 
the front face of Apache should not be large. A linear gradient was assumed 
for the purposes of calculation as previously mentioned. 

On the other hand, similar calculations for Ballistics* indicate that a much 
higher stagnation point temperature might be expected (see Fig. 10). This 
information together with the other three Ballistics surface location tempera- 
tures indicates the possibility of a relatively higher temperature gradient for 
Ballistics than for Apache or Cannonball. Furthermore, the magnitude of the 
Ballistics stagnation point temperatures indicate the possibility of tip melting. 
In this case, one would find that very shortly the Ballistics vehicle would acquire 
a distinctly Cannonball look. 

The possibility of the occurrence of transition from laminar to turbulent 
boundary layer near the stagnation points was next considered. The results 
of the calculations are shown as Fig. 11. The surface temperatures in each case 
are considerably higher than for the laminar boundary layer under correspond- 
ing conditions (Fig. 10). As in the laminar case, Apache is consistently cooler 
throughout the trajectory. The Maximum Apache temperature is 3,200°R 
while, for Ballistics, the maximum temperature reached is 5,000° R. 

As mentioned previously, the laborious and uncertain calculation of the 
effect of wall temperature gradient on these turbulent results was not considered 
justified. It is believed that the comparison of results shown on Fig. 11 would 
not be qualitatively affected. The dashed fairing on Fig. 11 indicates an 
uncertainty in the heat transfer theory for the low Reynolds number continum 


* A blunted spherical tip one centimetre in diameter was assumed. 








A COMPARISON OF HEAT TRANSFER CHARACTERISTICS 199 






















































































30 T T T 30 — 
| 
\ © Brug, **l.77 FT | 
\ S Brug, ** 4375 FT | 
\4 | 4 
25 ii t T 25 
¥ a 
| | rc | 
a << | | 
° \ < 20 
Pp 2° | | 
s Ds | 
yl is | & | 
3 | = Ls | 
= | | we 
3 
a ++ | 3 
5 
| < 1o T 
| 
os A rs | | 
| os WJ 
> ' 2 3 ~ 5 6 LA 
WALL TEMPERATURE, T, (°R) 107? 
—— 0.0 — . ; 
Radiation equilibrium wall temperatures ° ' é 
(turbulent boundary layer) MACH NUMBER, M, 
Fic. 11 Fic. 12 


flow regime. Actually the theoretical turbulent values of heat transfer co- 
efficient are smaller than the laminar values, which is considered unreasonable 
on physical grounds. Therefore, the turbulent results on Fig. 11 were faired 
into the laminar curves where the theory indicates equality of heat transfer 
coefficients for each case. 


Boundary Layer Stability 

The results of the preceding paragraph indicate that the character of the 
boundary layer is an important consideration in this type of calculation. The 
stability of the laminar layer to extraneous or inherent disturbances determines 
the circumstances under which transition from laminar to turbulent flow occurs. 
An analysis of the stability of a supersonic laminar boundary layer to small 
two-dimensional disturbances was made by Lees.5 This calculation was later 
modified by Van Driest® and the results are shown as Fig. 14. They are pre- 
sented as a plot of the ratio of wall temperature to temperature just outside the 
boundary layer versus Mach number just outside the bcundary layer with 
parameters of critical Reynolds number. Critical Reynolds number is defined 
as the Reynolds number below which all small disturbances introduced into the 
laminar boundary layer will be damped. The Reynolds number at which 
transition from laminar to turbulent boundary layer occurs may be as much as 
100 times as large as the theoretically predicted critical Reynolds number. The 
analysis was performed for the case of a flat plate moving parallel to its broad 
surface at supersonic speeds through an atmosphere of air. 

It is not possible to discuss either the Apache or the Cannonball vehicle 
relative to this analysis in view of the distinctly different nature of their 
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: ge ’ Mach numbers and wall to free- 

ra stream temperature ratio. On 
Fig. 12 are plotted Mach numbers just outside the boundary layer at the stations 
where temperatures have been calculated for the three vehicles. It is seen that 
the cone flow Mach number is roughly 4-25 for all the trajectory prior to the rapid 
deceleration. Referring to Figs. 10 and 11 it is seen that the peak Ballistics 
temperature occurs at roughly 50,000 feet altitude or just where M, begins to 
decrease from the value 4-2. 

The wall to free stream temperature ratio for the three vehicles considered 
is shown as Fig. 13. Comparing Figs. 13 and 14, it is seen that if the Ballistics 
boundary layer is initially laminar the wall to free stream temperature versus 
Mach number curve leaves the stability kernel (kernel 1) at 38,000 feet altitude 
as the vehicle descends. The stability theory would, then, predict an in- 
stability of the laminar layer with transition occurring at R, from, say 10® to 10’. 
For Ballistics at this altitude this would correspond to a transition position 
within 4 inches of the nose. 

The stability theory has not yet been completely verified experimentally.® 
If experimental results show that Kernel 3 is the one which governs the boundary 
layer behaviour, then the Ballistics boundary layer should become turbulent at 
125,000 feet altitude. We assume the Ballistics tip is preserved by transpira- 
tion cooling or some other auxilliary means. 

The Apache and Cannonball vehicles do not attain nearly the wall-to-free- 
stream temperature ratio that the Ballistics vehicle does due to the fact that 
the bounday layer is essentially a subsonic boundary layer in the region analysed 
here. There is not much friction heating of the air in the boundary layer at 
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subsonic speeds (although the compression heating in the region analysed here 
is very great). One cannot discuss the stability of the boundary layer for these 
cases in terms of the theory of Fig. 14. However, it may be significant that a 
favourable pressure gradient exists in cases A and C and that this effect may 
be a stabilizing influence on the boundary layer. 


Conclusions 

We set out in part to consider the question, ““Which is best, the bluff or the 
fine aerodynamic shape, so far as aerodynamic heat transfer characteristics are 
concerned, if one is to return to Earth’s atmosphere in free fall at Mach 12?” 
The results which we have obtained indicate that the bluff body (having the 
highest drag to weight ratio (Apache) ) is consistently cooler than the fine 
body where either laminar or turbulent boundary layer is concerned. 

We do not suppose that such an incomplete analysis will positively show 
the superiority of one or the other of these vehicles. In order to complete the 
analysis, a variety of trajectories, conditions other than that of radiative 
equilibrium, and stability and control problems would have to be considered. 
However, some interesting aspects of the problem involved are highlighted by 
the considerations which we have made. 

For example, the results which we have obtained show that Apache, indeed, 
slows down more quickly than the other two configurations which we consider 
and remains cooler for the conditions we have chosen. It also appears to be 
more versatile since it is conceivable that it could vary its drag to weight ratio 
by turning itself edgewise and moving parallel to its direction of fall as desired. 
There appears to be some difficulty in the stability and control of a vehicle such 
as the Apache and perhaps some radically different type of control such as the 
stabilization ports shown in Fig. 4 would be in order. The control of the 
shuttered area of these ports might be governed by an accelerometer system 
which would constantly seek the maximum deceleration orientation of the 
vehicle. For pre-entry the orientation of Apache might be controlled by small 
auxiliary rockets. 
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If Apache type vehicles prove undesirable, then the Cannonball type 
vehicle would seem preferable to Ballistics if only because of its relatively low 
stagnation point temperatures and more efficient packaging of the freight 
compartment. 

It appears that Apache might have an additional aerodynamic advantage 
(shared by Cannonball) inasmuch as an absorption of energy through dissociation 
in the strong shock prior to collision of molecules with the vehicle surface could 
possibly reduce the rate of convective heating at the surface. However, we 
do not know how to calculate this effect as yet and so it was not possible to 
bring it into consideration in the final results. 

The trajectory results indicate that the effect of drag to weight ratio on 
peak decelerations of gravity propelled vehicles is small. 

The aerodynamic heating results indicate that the use of a false skin 
construction, with only radiation cooling may be practical. For example, if 
transpiration cooling were used for selected ‘“‘hot spots’’ it appears that a false 
skin of tungsten-carbide or some similar material might serve to protect: the 
vehicles of this analysis. 

Some areas where research is needed in order to fill in detail in the picture 
which we have discussed in relative perspective are: 

(1) experimental determination of the high temperature thermodynamic 

properties of air (and other gases) ; 

(2) an investigation of the combined effect of temperature and pressure 
gradients on convective heat transfer at high subsonic speeds and at 
supersonic speeds in a high temperature field; 

(3) verification of boundary layer theories for hypersonic velocities where 
the shock wave of the object is essentially coincident with the object 
surface ; 

(4) more complete verification or refutation of the stability theory advanced 
by Lees and Van Driest; and 

(5) more precise determination of the dissociation energy of nitrogen and 
investigation of the conditions under which recombination will occur 
in the high speed aerodynamic field and the quantitative effect on con- 
vective heat transfer of this phenomenon. 


The writers certainly do not mean to say that these are the only areas which 
need exploration . . . obviously if temperatures of the order of magnitude 
calculated are actually attained there must be a continual search for new 
structural materials. The possibility of thermal stresses needs investigation, 
and other related problems must be solved. There is, at this time, some 
research activity in every one of the areas mentioned. However, not enough 
information is available at this time to permit the designer to sit down and 
make a handbook analysis of the optimum vehicle for his particular needs. 
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LIST OF SYMBOLS 
= Apache. R Reynolds Number. 
= projected area. R/in Reynolds Number per inch. 
acceleration. ’ recovery factor. 
Ballistics. T temperature. 
I 
specific heat of air. t time. 
Cannonball. v velocity. 
drag coefficient. V time rate of change of velocity. 
maximum body diameter. V, terminal velocity. 
= force x distance from origin of boundary 
acceleration due to gravity at a layer to surface station in- 
particular altitude. vestigated. 
altitude. Y ratio of specific heats of air 
q(T T,) A C/o 
coefficient of conductivity. A molecular mean free path at a 
; particular altitude. 
Mach number 
p density. 
mass. ) 
: im absolute viscosity. 
pressure. : ’ 
o = Stefan-Boltzmann constant. 


just downstream of shock wave. 


stagnation. s 
conditions just outside the bound- —* turbulent boundary layer. 
ary layer. e constant volume. 
= insulated (or adiabatic wall) tem- = wall. 
perature. - based on %. 
laminar boundary layer. x conditions in undisturbed up- 
= constant pressure. stream flow. 
Superscripts 


= conditions at sonic line. 
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THE CALCULATION OF ORBITS* 


By DEREK F. LAWDEN, M.A. 


1. Characteristic Velocity of a Manceuvre 

Irrespective of the gravitational field that must be traversed by a rocket 
in moving from a point A to another B, provided the motion is im vacuo, the 
trajectory it should follow in order to achieve the maximum economy of fuel 
expenditure will comprise a number of arcs along which it falls freely under the 
influence of the field alone, separated by junctions upon arrival at which fuel 
is consumed rapidly (theoretically instantaneously), the motor thrust being 
directed so that the rocket undergoes a velocity change sufficient to transfer 
it from one arc of free fall to the next. In practice, it may be several minutes 
before the motor thrust has succeeded in producing the velocity change 
scheduled to take place at a particular junction, but this period will usually be 
very short by comparison with the time spent under free fall conditions, often 
amounting to hundreds of days. Very little difficulty will accordingly be 
encountered in practice in approximating to the requirements of theory. 

Suppose then that it is known that the rocket will arrive at a junction / 
with velocity specified by the vector v, and that it is required that it shall 
leave | with velocity v,. These two vectors are shown in Fig. 1, from which 
it is clear that an additional velocity v must be communicated to the rocket 
by the motors. The thrust must be aligned with the direction of v and the 
motors operated until the additional velocity they have generated in the rocket 
is equal to the magnitude of v, viz. v. The fuel which must be consumed to 
achieve this result may be calculated from a formula quoted by Shepherd in a 
previous article of this series, viz. 

a Mo re 
v= clog, (m,/m,) or a or 4 = (1) 

where c is the jet velocity, m, is the initial mass and m, is the rocket mass at 
the termination of the manceuvre. 


EXAMPLE 

A rocket arrives at a junction with velocity 10 km./sec. Its velocity is to be 
altered to 15 km./sec. in a direction making an angle of 60° with the original 
motion. Calculate the direction of thrust and the mass ratio for the maneuvre if 
c = 4 km./sec. 

In this case v, = 10, vy 15 and 6 = 60° (Fig. 1). By the cosine rule we 
obtain 

v? = 10? + 15? — 2.10.15.cos 60° = 175. 








Hence v = 13-23 km./sec. It follows that v/c = 3-31 and hence, by equation 
(1), m#o/m, = 27-4. 
By the sine rule sin d Va 15 
sin 60° ov «13-23 


* This is the third of our series of articles giving an elementary account of the principles 
of astronautics—Ep. 
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Whence ¢ = 79°3’, determining the direction of thrust. 

v is called the characteristic or ideal velocity of the manceuvre. The charac- 
teristic velocities associated with the various junctions of a trajectory may be 
summed arithmetically to give the overall characteristic velocity. This may 
then be transformed, by the use of equation (1), into the mass ratio which must 
be possessed by a rocket capable of following the given track. 


2. Conic Orbits 

Consider the problem of transferring a rocket from a circular orbit about the 
Earth into a similar orbit about Mars. A short period of thrust from the 
motors will give the rocket sufficient momentum to cause it to move out of its 
orbit about the Earth into a trajectory along which it will move freely without 
further fuel expenditure until it arrives in the vicinity of Mars. When it 
arrives at the correct height above the surface of this planet, the motors will 
be energized for the second time and the thrust maintained until the velocity 
has been converted into that appropriate to the circular orbit about Mars. To 
calculate the trajectory followed during the period between the two thrusts, 
we first observe that it may be divided into three arcs. Over the initial arc, 
the attraction of the Earth is paramount and the attractions of all other bodies 
may be neglected. Over the intermediate arc, the sun exercises a major 
influence and the attraction of the Earth may be disregarded. Over the final 
arc, all attractions but that of Mars are negligible. It will almost always be 
the case that any trajectory of free fall connecting two junctions can be divided 
in this way into arcs over each of which the attraction of a single body is 
dominant. The motion over such a trajectory can therefore be calculated when 
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the problem of motion under the attraction of a single body has been solved. 
We proceed to describe the solution to this problem. 

A rocket moving without motor thrust under the attraction of a single 
body follows a path known as a conic. This is one of three curves, viz. an 
ellipse, hyperbola or parabola. 

(a) The Ellipse 
P This is the closed curve shown in Fig. 2. 
AA’ is called its major axis and will be 
taken to be of length 2a. C, the mid- 
point of AA’, isthe centre. There are two 
points S and S’ on the major axis, equi- 
distant from the centre, called the foci. 
They have the property that, if P is any 
point on the ellipse, the sum of its distance 
from the foci is equal to the length of the 
major axis. The ratio SS’/AA’ ( < I) is 
called the eccentricity e. When e and a 
Fic. 2 are known, the ellipse can be drawn, for 
the major axis and the foci on it can be 
constructed and then any number of points on the ellipse may be found by 
making use of the focal property. The reader should verify that if e = 0, the 

ellipse is a circle. 


(b) The Hyperbola 

This is an open curve with two branches shown in Fig. 3. AA’ = 2a is its 
major axis and the mid-point C of this line is the centre. S, S’ are the foci 
equidistant from the centre. If P is any point on the hyperbola, the difference 
between the focal distances SP, S’P is equal to AA’. The ratio SS’/AA’ 
( > 1) is called the eccentricity. When a and e are known, the hyperbola 
can be drawn since the points A, A’, S, S’ can be constructed and then any 
number of points on the curve can be found by making use of the focal property. 


(c) The Parabola 

This is an open curve having one branch only. It is shown in Fig. 4. 
SAM is its axis, S being its only focus. The line MN, perpendicular to the 
axis and such that SA = AM, is called the directrix. This line has the pro- 
perty that if P is any point on the parabola, it is equidistant from the focus 
and the directrix, i.e., SP = NP. We shall denote SA by bd. If } is known, 
the focus and directrix can be constructed and hence any number of points on 
the parabola found. 

Suppose now that the velocity v of a rocket P and its position relative to 
the centre S of the attracting body are known. Let y/r? be the force of attrac- 
tion per unit mass at a distance 7 from the centre of the body. Values of yu for 
many bodies of the solar system are given in Section 4 below. To calculate 
the subsequent path, we first substitute for v, uw, 7 in the equation 


t=n(S +4), inh. ek eee 
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and so calculate the constant k for the orbit. If & is negative, the orbit is an 
ellipse and the semi-major axis is given bya = —1/k. If kis positive, the orbit 
is a hyperbola and its semi-major axis is given bya = 1/k. Ifk = 0, the orbit 
is a parabola. 

If the orbit is an ellipse, we construct PS’ so that PS and PS’ are equally 
inclined to the direction of motion as indicated in Fig. 5 and then choose S’ 
so that PS + PS' = 2a. S, S’ are the foci of the elliptical orbit, which can 
accordingly be drawn. 

If the orbit is a hyperbola, we again 
construct PS’ so that PS and PS’ are 
equally inclined to the direction of motion, “ao 
but, in this case, after the manner indicated N 
in Fig. 6. We choose S’ so that PS’ — PS 
= 2a. Then S, S’ are the-foci of the 
hyperbolic orbit and this can, therefore, 
be drawn. 


Finally, if the orbit is a parabola, we > M 
construct PN to make the same angle 
with the direction of motion as does PS. 
This is shown in Fig. 7. SM is then 
drawn parallel to PN and N chosen so that 
PN = PS. If NM is perpendicular to 
MS, it is the directrix and S is the focus. 


Any number of points on the parabolic 
orbit can now be found. Fic. 4 

















208 DEREK F. LAWDEN, M.A. 


U 





> S) 


Having determined the orbit, it may be desired to calculate the velocity of 
the rocket at some later instant when it is at a point Q. If QS —,, since k 
is known, equation (2) may be employed to give the speed v. . The direction of 
motion will be equally inclined to the two focal distances SQ, S’Q if the trajec- 
tory is an ellipse or a hyperbola and to the focal distance SQ and the perpendicu- 
lar on to the directrix from Q if the trajectory is a parabola. 


U 





Fic. 6 
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The form taken by equation (2) when 
the rocket moves in a circular orbit is ay 
of particular importance. If a is the eee N 
radius of the orbit, it may be regarded 
as an ellipse of major axis 2a and zero 





eccentricity. Hence k= —I/a. Also + 
yr = a at all points of the trajectory and 
hence 
M 





“eae 2 \\_# , S 
; i u(; ~ af a > (3) 


v, is called the circular velocity at a dis- 
tance 4a. 
Suppose a rocket is at a point distant 
a from the centre of attraction and 
has velocity v, which is just sufficient Fic. 7 





e 
to enable it to escape from the centre 
of attraction. It will then move along an open conic are and when ¢ is infinite 
its velocity will be zero. Hence, from (2), 0 = p&, i.e., k = 0 and the conic is a 
parabola. Employing equation (2) again with k = 0, we find that 


» 
— 
w= —-. a ms - ny (4) 


v, is called the velocity of escape at the distance a from the centre of attraction. 
Note that v, is +/2 times the circular velocity at the distance a. 

If, however, the rocket is to arrive at infinity with velocity w, from equa- 
tion (2) w? = wk and the path is a hyperbola. Equation (2) can now be 


written 


» 
2h 
v= — + wv, 
r 
and hence, when 7 = a, 
2 
2 2H 
v= — + w%, 
a 
or f=7,+2 .. « 9 ae (5) 


Equation (5) gives the velocity v which must be given toa rocket at a distance a 
from a centre of attraction, if it is to escape from the centre with final velocity w. 
Alternatively, if the rocket arrives from infinity with velocity w, equation (5) 
yields its velocity when it has fallen to a distance a from the centre of attraction. 


EXAMPLE 

A rocket leaves a circular orbit at a height of 1,000 km. above the Earth's surface 
under the action of a thrust tangential to the orbit. Having escaped from the 
Earth’s attraction, it is found to be moving with a velocity relative to the Earth of 
5 km./sec. at an angle of 30° with the direction of the Earth's orbital motion. Later 








210 DEREK F. LAWDEN, M.A. 


it is transferred into a circular orbit at a height of 500 km. above the surface of Mars 
by means of a motor thrust directed along the tangent to this orbit. Calculate the 
characteristic velocity of the whole maneuvre. 

We shall assume the orbits of the Earth and Mars to be coplanar circles. 
All numerical data quoted in this calculation will be found in Section 4. All 
substitutions into formule must be made in units of the c.g.s. system. 

The radius of the Earth is 6-379 x 108 cm. and hence that of the orbit of 
departure is 7:379 x 108 cm. Also, for the Earth, u = 3-991 x 10°. Sub- 
stituting in equation (3), we calculate that the speed in this orbit is 7-36 km. /sec. 

The escape velocity at the level of the circular orbit is given by equation (4) 
to be 10-40 km./sec. The rocket escapes to infinity with a velocity of 5 km./sec. 
Hence, employing equation (5), we find that the velocity which must be acquired 
by the rocket upon leaving the circular orbit is 11-53 km./sec. The velocity 
increment caused by the thrust must therefore be 11-53 — 7-36 = 4-17 km./sec. 
This is the characteristic velocity of the first part of the manceuvre. 

Having escaped from the Earth, the rocket moves along a conic orbit (called 
the transfer orbit) under the influence of the Sun alone towards the orbit of Mars. 
To calculate this part of its trajectory, we must first find the velocity of the 
rocket relative to the Sun as it enters upon this phase of its journey. + The 
velocity of the Earth in its orbit is 29-80 km./sec. This must be added vectori- 
ally to the rocket’s velocity relative to the Earth. This is done in Fig. 8, 
yielding the velocity V. A little trigonometry, or a scale drawing, shows that 
V = 34-22 km./sec., d = 4° 11’. 








= 29-80 
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When the rocket enters the transfer orbit, its distance from the Sun is 
equal to that of the Earth, viz. 1-497 x 10% cm. Hence, substituting 7 
= 1-497 x 10%, v = 3-422 x 10° and wp = 1-33 x 10° (the value for the Sun) 
in equation (2), we find that for the transfer orbit k = — 4-56 x 10-“. Accord- 
ingly, the orbit is an ellipse of major axis 4-386 x 10%cm. One focus of this 
ellipse is at the Sun S (Fig. 9). Let P be the rocket as it enters the transfer 
orbit. Then the other focus S’ lies on a line PS’ making the same angle with 
the direction of motion as does PS, viz. 90° — 4° 11’ = 85° 49’. Since 
PS + PS' = 4-386 x 10" cm., PS’ = 2-889 x 10% cm. But /SPS'’=8° 22’. 
Applying the cosine rule to ASPS’, we therefore obtain SS’ = 1-423 x 10cm. 

When the rocket arrives at P’ on the orbit of Mars, its distance from the 
Sun is equal to the radius of the Martian orbit, viz. 2-280 x 10%cm. Knowing 
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the values assumed by pu 
and & for the transfer 
orbit, we can find the 
speed of arrival at P’ 
from equation (2). This 
proves to be 23-67 km. 
sec. 

P'S + P'S’ = 4-386 
<x 10%cm. Hence P’S’ 
= 2-106 x 108. Know- 
ing all the sides of 
ASP’S', we can com- 
pute / SP’S’. It will 
be found that / SP’S’ 
= 37° 38’. Since the 
direction of motion 
makes equal angles with 
P’S and P'S", these 
angles must both be 
71° 11’. Accordingly, 
the direction of the 
rocket’s motion makes Fic. 9 
an angle of 18° 49’ with 
the direction of motion of Mars. 

To compute the trajectory of approach to Mars, we must find the rocket’s 
velocity relative to this planet when it arrives at the end of the transfer orbit. 
The velocity of Mars in its orbit is 24-14 km./sec. The relative velocity of the 
rocket W added vectorially to Mars’ velocity must yield the velocity of the 
rocket relative to the Sun. This is shown in Fig. 10. From this diagram, we 
find that W = 7-87 km./sec. This is the speed of approach to Mars when the 
rocket is still at a comparatively great distance from this body. It will fall 
along a hyperbolic arc whose shape will depend upon the position of the line of 
approach relative to the centre of attraction. The line of approach in its turn 
will depend upon the position of Mars in its orbit at the time the rocket arrives 
in its vicinity. We shall suppose that the instant of departure from the Earth 
is so chosen that the line of approach to. Mars results in a hyperbolic orbit of 
arrival whose point of closest approach is at the level of the circular orbit about 
Mars to be entered. Under these circumstances, the hyperbolic orbit will 
touch the circular orbit and a single tangential thrust will reduce the rocket’s 
velocity to that appropriate to the latter orbit. 

The radius of Mars is 3-4 x 108 cm. and hence that of the circular orbit is 
3-9 x 108 cm. For Mars, » = 4:30 x 10". Hence, from equation (3), the 
velocity in the circular orbit is 3-32 km./sec. The escape velocity at the level 
of this orbit is found from equation (4) to be 4:70 km./sec. The velocity of 
arrival at the circular orbit is now found from equation (5) by putting w = W 
= 7-87 x 10°. The result is 9-17 km./sec. The characteristic velocity asso- 
ciated with entry into the circular orbit is accordingly 9-17 — 3-32 = 5-85 km./sec. 
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24-14 ° 


Fic. 10 


The characteristic velocity for the whole journey is 10-03 km./sec. Assum- 
ing a jet velocity of 4 km./sec., it will be found that this corresponds to a mass 
ratio of 12-3. 


3. Optimal Transfer Between Circular Orbits 

Suppose a rocket is moving in a circular orbit about a centre of attraction S 
(Fig. 11) and it is required to transfer it into a coplanar circular orbit about the 
same centre with the minimum expenditure of fuel. The appropriate orbit of 
transfer is an ellipse with one focus at S and tangential to both circular orbits 
at the points J and J. JJ is the major axis of this ellipse and if b and B are the 
radii of, the two circles (b < B), clearly 


atte A en Se 


The eccentricity is given by the formula 
B—b , 
é= B+b ° (7) 
The position of the second focus on JJ can now be found and the ellipse con- 
structed. 

An impulsive thrust must be applied in the direction of the common tangent 
at I, to effect transfer into the elliptical orbit. A second impulse at / in the 
direction of motion sets the rocket into the second circular orbit. Transfer 
from a larger circular orbit into a smaller coplanar one may be performed by 
reversing the above procedure. 

If v, is the velocity of the rocket in the smaller circular orbit (given by 
equation (3) ) and V is its velocity in the elliptical orbit at J, then 


5 
VY =¥v, a a oe = 8) 
(ee ( 
where B = b/B. 


The same formula gives the velocity in the ellipse at J, if we take v, to be the 


velocity in the larger circular orbit and B = B/b. 
The differences between the velocities in the circular and elliptical orbits 
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at J and J are the characteristic velocities of the manceuvres carried out at 


these points. 
If T is the time in the elliptical orbit, 


, @2/fb+ BY? ; 
r=3(- ‘ eo os (9) 


where yu is the constant associated with the centre of attraction. 

If the thrust at J or J is to be applied at the surface of a planet moving in a 
circular orbit, it must include an additional component to permit escape from 
the planet or to bring 
the rocket torest at the 
planet’s surface. The 
characteristic velocity 
of the resultant thrust 
can be obtained from 
equation (5) by taking 
w to be the difference 
between the velocities 
of the planet in its orbit 
and the velocity in the 
elliptical orbit at Jor J J ey I 
and v, to be the escape 
velocity at the planet’s 
surface. 





EXAMPLE 

Calculate the charac- 
teristic velocity for a 
journey fromthe Earth's 
surface to that of Mars. 

From the next sec- 
tion, the radii of the Fic. 11 
orbits of the Earth and 
Mars are b = 1-497 x 10" cm., B = 2-280 x 10" cm. respectively. Hence 
B = b/B = 0-6562. The velocity of the Earth in its orbit is v, = 29-80 km. /sec. 
Substituting in equation (8), we obtain V = 32-75 km./sec. Accordingly, the 
rocket must arrive at a great distance from the Earth with a velocity of 
w = 32-75 — 29-80 = 2-95 km./sec. The escape velocity from the Earth's 
surface is v, = 11-19 km./sec. Substituting for w and v, in equation (5), we 
find that v = 11-58 km./sec. This is the velocity relative to the Earth which 
must be given to the rocket at the Earth’s surface. It will then recede along a 
hyperbolic arc and escape with the desired velocity of 2-95 km./sec. relative 
to the Earth. 

The velocity of Mars in its orbit is v, = 24-14 km./sec. Taking B = B/b 
= 1-524 in equation (8), we now find that the velocity of arrival of the rocket at 
the orbit of Mars is V = 21-49 km./sec. Its velocity of approach to Mars 
from a great distance is therefore w = 24-14 — 21-49 = 2-65 km./sec. The 
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velocity of escape from the surface of Mars is v, = 5-03 km./sec. Hence, from 
equation (5), the velocity of arrival at the Martian surface is 5-69 km./sec. 
This velocity must be eliminated by the motor thrust and the characteristic 
velocity of this manceuvre is accordingly 5-69 km./sec. 

The characteristic velocity for the whole journey is 11-58 + 5-69 = 17-27 
km. /sec. 

Approximating the orbits of the planets by circles, the characteristic veloci- 
ties (in km./sec.) for transfers between the surfaces of pairs of planets may be 
calculated as in the last example. The results are shown in Table I below. 
Beneath each such characteristic velocity will be found the period of transit in 


days. 






























































TABLE I 
| 
Mercury 
Venus 19-7 Venus 
| 76 
tained |— 7 a 
Earth | 23-9 22-2 Earth 
| 106 146 | 
— —|— a — —| 
Mars | 23-6 17-9 17-3 Mars 
171 218 259 
———— ee oe a Seen 
Jupiter . .| 78 75 74 67 Jupiter 
| 853 932 998 1,130 
| Saturn -+| 55 52 | 61 45 94 Saturn 
| 2,020 2,120 2,210 2,380 3,650 
= eee Pe SS PEE SSRs Baa: oe ee ——— 
| | 
| Uranus ..| 42 39 38 32 82 57 Uranus | 
| 5,590 5,740 5,860 6,090 7,770 9,940 
| Neptune..| 43 41 39 34 83 58 44 
| 10,900 | 11,000 11,200 11,500 13,500 | 16,100 22,300 | 





4. Numerical Data 

In this section we give a compendium of numerical data associated with the 
solar system, which will be found useful in orbital computations. All units 
are c.g.s. unless otherwise stated. 

has been defined in Section 2. For the sun wp = 1:33 x 106 and for the 
Moon p = 4:90 x 10%. 

R is the radius of a body. For the sun R = 6-95 x 10° and for the Moon 
R= 1-74 x 108. 

Vis the velocity a planet would have if it were placed in a circular orbit 
about the Sun, the radius of this orbit being equal to the semi-major axis of its 
actual orbit. 

V, is the escape velocity at the planet’s surface. 

a is the semi-major axis of a planet’s orbit. For the Moon a = 3-82 x 10". 

T is the period of rotation of a planet about the Sun in days. 

é is the eccentricity of a planet’s orbit. 
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i is the inclination of the plane of a planet’s orbit to that of the Earth’s 
orbit (the ecliptic). 

The values of the quantities listed above for all planets of the solar system 
are given in Table II below. 




















TABLE II 

; | ; 

Planet R V. | 7 
Mercury | 24 x 108 4-790 x 10° | 1-47 10" 
Venus 61 x 10 3-504 x 10° 3-29 x 10” 
Earth --| 6379 x 10° 2-980 x 10° | 3991 x 10” 
Mars a —7f| OC xe 2-414 x 10° | 430 x 10% 
Jupiter --| 714 x 10° 1-306 x 10° | 227 x 1 
Saturn | 604 x 10° 0-965 x 10* | 379 x 108 
Uranus 2-49 x 10° 0-680 x 10° | 581 102 
Neptune 2-66 x 10° 0-543 x 10° | 689 x 10% 
Pluto | ? 0-474 x 10° ? 

TABLE II (continued) 
| 

Planet a T e i 
Mercury 35 x 105 | 0-579 x 10% 88 | 0-2056 7° 0’ 
Venus 1-04 x 10° | 1-081 x 10% 225 0-0068 3° 24’ 
Earth 1-119 x 10° 1-497 x 10% 365 | 0-0167 — 
Mars 5-03 x 10°| 2-280 x 10% 687 0-0934 1° 51’ 
Jupiter 5-97 x 10 | 7-785 x 108 4333 | 0-0484 1° 18” 
Saturn 3-54 x 10*/ 1-428 x 10" 10759 0-0557 2° 29’ 
Uranus 2-16 x 10° | 2-872 x 10" 30685 0-0472 0° 46’ 
Neptune 2-28 x 10%; 4-500 x 10 60181 0-0086 1° 47’ 
Pluto ? | 5-906 x 10% 90470 0-2485 = 

















THE DEVELOPMENT OF THE 
ARMSTRONG SIDDELEY “SNARLER” 
ROCKET MOTOR 
By D. Hurpen, B.A., G.I.Mech.E. 


(A paper read to the British Interplanetary Society in London on February 5, 
1955.) 


Introduction 

In 1946 Armstrong Siddeley Motors Limited were asked to design and make 
a liquid propellant rocket motor for boosting the rate of climb of fighter aircraft. 
The motor was to be of 2,000 lbs. thrust, its propellants were to be kerosine and 
LO,, and it was to be capable of being started and stopped in the air at will. 

At this time very little work on liquid rockets had been done in this country, 
but Armstrong Siddeley had access to some information on German work on the 
V.2 and the Walter 109-509 rockets, and a complete Walter engine was stripped 
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and examined. Talks were held at the R.A.E: and a firing was seen. The 
Rocket Propulsion Department at Westcott was just in the process of formation 
and an idea of the state of the art at this stage can be formed from the display 
of ten more or less burned-out combustion chambers shown to Armstrong 
Siddeley representatives during a visit. Curious, they asked how many firings 
had been done at Westcott. ‘Ten’ was the rather apologetic answer. 

As the result of talks and the examination of parts, Siddeleys began to have 
very definite ideas on how the motor was to be made and consequently on the 
development programme to be carried out. In addition to ideas on the design, 
certain principles began to emerge which were complementary to the original 
specification. For instance, in contrast to the 109-509, the pumps were not 
to be driven by their own turbine but through a suitable gearbox from the gas 
turbine engine in the aircraft. Again, since the specification asked for the 
motor to be re-lit in flight and since the propellants were non-hypergolic, some 
form of igniter had to be provided, basically electrical. In connection with 
starting, it was felt that it would be safer to start the main combustion chamber 
at a reduced propellant flow and, once alight, to go up to full thrust. This 
called for some kind of throttle valve for both propellants. Finally, a principle 
was devised for rendering starts almost foolproof by ensuring that no stage of 
the starting sequence could proceed unless the previous stage had been com- 
pleted. The means of doing this was explained in the article on the ‘‘Snarler”’ 
published in the January-February, 1955 Journal, which described the engine 
as finally developed. Before describing the process of development, it is useful 
to provide a framework on which to hang the description by pointing out the 
notable landmarks in the process. 

Design work began in a small way in August, 1946. Experimental work 
on injectors and pumps began in December, 1946 and March, 1947 respectively, 
and combustion experiments began in September, 1947. The first firing was 
carried out in November, 1947, fifteen months after design first started, feeding 
propellants into the combustion chamber by gas pressure since the pumps were 
not yet ready. The first firing using pumps was done in February, 1949, and 
the first run with the automatic control system seven months later. In March, 
1950, a Special Category Test was attempted to obtain clearance for experi- 
mental flying, and the test was successfully completed in May. The first 
flight of the unit in the Hawker P.1072 took place on November 20, 1950. But 
in 1946 there was a lot to learn. 


Combustion Chamber Assembly 

First of all it seemed that in order to keep the combustion chamber from 
burning out, the flow of coolant round it had to be closely controlled to maintain 
a reasonably high scrubbing velocity. The chambers seen so far had all been 
welded up, either from pressings or from spinnings. Accurate pressings 
demanded expensive dies, while sections through chambers made from spinnings 
showed the extreme difficulty of holding the dimensions of the cooling jacket to 
within sufficiently close limits. It was therefore decided to machine the inner 
shell fully from forgings and to enclose it within a casing machined from a light 
alloy casting. Coolant velocity was to be maintained by the usual device of a 
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Fic. 2. “Snarler’’ injector 


helical passage, in this instance cast in the casing. Expansion of the inner 
shell relative to the casing was supposed to be taken up by flexion of the annular 
diaphragm at the exit end. The first version of the combustion chamber is 
shown in Fig. 1. 

While waiting for forgings, experiments on injectors and ignition were put 
in hand. Siddeleys were presented with a design for an injector which was 
turned into a form that could be fitted into the combustion chamber and made 
in brass for flow tests. These at first presented some difficulty since there 
seemed to be no pumps in the works able to deliver about 30 galls/min. at a 
pressure of 100 p.s.i. However, the injectors were put on a portable rig 
containing pressure gauges and venturimeters for flow measurement and were 
supplied with water from a trailer pump by the Works Fire Brigade, who 
appeared to enjoy this change from routine. At first the tests consisted merely 
of calibrations and visual inspection of the spray, and it was found that the 
spray from this first injector was quite hollow. It was thought that if only one 
injector was to be used it should give a mixture of fuel and oxygen uniformly 
distributed across the chamber. Accordingly several more models were made 
and flow-tested before a design appeared worth putting in a combustion 
chamber. By this time patternation tests were carried out as well as calibra- 
tions. In order to do these a simple device was fitted to the rig. It consisted of 
a can, of the same diameter as the combustion chamber, divided into a number 
of circular cells. Water was sprayed through the fuel injector and brine was 
pumped by a second trailer pump through the oxygen injector, and the sampling 
can was exposed to the resulting spray for about 10 seconds. The can was then 
removed and the catch examined. The spray density across the combustion 
chamber was determined from the volume of liquid in each cell, while the 
mixture distribution was calculated from the specific gravity of each sample. 

The injector finally decided upon is shown in Fig. 2. Oxygen was sprayed 
from the inner ring of jets and fuel from the outer. The oxygen jets and fuel 
jets impinged on one another, the oxygen jets all being drilled at the same 
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Fic. 3. ‘Bucket’? combustion chamber 


inclination while the fuel jets were drilled at three different angles to give a 
wider distribution of the spray. With minor modifications injectors of this 
type were used in the flight engine. 

Having developed a satisfactory injector, it was decided to carry cut some 
experiments to prove that the geography of the combustion chamber as designed 
would give satisfactory ignition. A crude water-cooled combustion chamber 
(known irreverently but quite accurately as the bucket) was fabricated from 
sheet metal. As may be seen from Fig. 3, the injector and igniter were in the 
same relative positions as they would occupy in the proper combustion chamber. 
The correct igniter had not been made so these tests (and the early firings) used 
electrically-fired solid propellant charges lasting about 5 seconds for ignition. 
Fuel and oxygen were fed to the chamber from pressurised tanks through 
German valves. The timing of the igniter and the opening of the valves was 
controlled by a bomb-release switch, and the firing of the igniter and the 
arrival of propellants at the injector was indicated by crude but effective 
electrical apparatus. Ignition was signalled to the same apparatus by burning 
out a wire stretched across the end of the chamber. 

A rocket test bed was by now under construction but was not yet ready for 
use, so these ignition experiments were performed in a sandbagged emplacement, 
a picture of which appears as Fig.4. The controls were operated from a portable 
switchboard a safe distance away and the tests were observed in.a mirror. 
The first two attempts resulted in ignition with loud reports. At this stage 
Armstrong Siddeley were advised by R.A.E. to abandon kerosine as fuel owing 
to severe cooling problems and to use instead a mixture of 65 per cent. methyl 
alcohol and 35 per cent. water. The rest of the ignition experiments were done 
with this fuel and it was found that the chosen disposition of injector and 
igniter gave smooth ignition without very critical timing of the propellant 
injection. 

As far as could be determined by these experiments the initial chamber 
design was satisfactory, and the first firing was successfully completed in 
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Fic. 4. Sandbagged emplacement used as a temporary rocket test bed 
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Fic. 5. Igniter development 
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November, 1947. The chamber was water-cooled and the starting sequence 
was again controlled by a bomb switch. Six firings were completed, during 
which the temperature rise of the cooling water was measured and the flow 
reduced until it equalled the fuel flow. In March, 1948, the change was made 
successfully to regenerative cooling by the fuel. Very little trouble was 
encountered with this combustion chamber, and its basic features were retained 
in the chamber for the flight engine. The most outstanding difference between 
the two chambers lay in the casing which had been lightened considerably, 
while provision for expansion of the inner shell was made by a sliding joint at 
the rear end. 

There remained, however, the problem of relighting in the air. The idea 
was to use a small pilot combustion chamber fed with fuel and oxygen which 
was to be ignited by a sparking plug. A separate rig for testing these pilot 
combustion chambers was built and tests began in the old sandbagged 
emplacement. These tests continued off and on for nearly three years. 
Fig. 5 illustrates the progress of the development of this component. At 
first it was just a scaled-down version of the combustion chamber turned 
from hexagonal steel bar and uncooled. This device was transformed into a 
so-called air-cooled igniter with fins turned on its body which gave good service 
on the test-bed for some time. In due course, however, its nozzle began to 
erode and the design was complicated by providing a double-walled nozzle cooled 
with fuel which was then injected straight into the combustion chamber. This 
improved matters for a time, but inevitably an occasional hot spot was noticed 
on the finned body and the final step was taken of re-designing it and, copying 
the main chamber, jacketing its entire length and cooling it with fuel. From 
the beginning the fuel and oxygen were injected from two jets which impinged 
on one another, and although other schemes were tried this method persisted. 


Fuel Pump 

Meanwhile, development of the pumps was proceeding independently. The 
impeller of the original paraffin pump was designed to rotate at 14,000 r.p.m. 
and had five straight vanes integral with crude inlet guide vanes—a rather 
unorthodox design. The philosophy behind it was that an orthodox shrouded 
impeller would have been very difficult to cast accurately and the passages 
quite impossible to machine. It is not possible to make a high-speed impeller 
with the theoretically correct blade form on this scale anyway, and it was 
hoped that the losses incurred in departing from it would be more than offset 
by machining all the impeller surfaces. In fact this pump was quite satis- 
factory and it underwent only one re-design of any consequence, mainly to 
increase its capacity so that it could pump methyl alcohol instead of kerosine. 
The impeller was re-designed slightly at the same time to make it easier to 
manufacture and the mechanical design was tidied up. The re-designed pump 
is shown in Fig. 6. 


Liquid Oxygen Pump 
Development of the liquid oxygen pump was much more difficult; in fact 
it was the most difficult part of the engine to develop. Although an oxygen 
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pump was running in the motor just over a year after tests began, it was 
almost exactly two years before a really satisfactory pump was developed, and 
almost every part of the pump caused trouble during this time. 

The pump as first made bore a strong resemblance to the methanol pump. 
Like the fuel pump it had a straight-bladed impeller, but its seals and bearings 
were quite different. Carbon face seals mounted on metallic bellows were first 
tried, while the bearings 
consisted simply of oil- 
impregnated bronze 
bushes. During prelim- 
inary tests on water 
these bearings repeat- 
edly seized, and it was 
thought to be worth 
making a rig on which 
different types of bear- 
ings could be _ tried 
under actual working 
~ 2 conditions. One version 

of this rig fitted with ball 

bearings is shown in Fig. 

Fic. 6. Methanol pump 7. The impeller was re- 

placed by a lump of 

metal of the same weight, the correct seal was fitted, and low temperature con- 

ditions were reproduced by circulating liquid nitrogen through the casing. 

Various types of bronze and carbon bearings were tried on this rig without much 

success and an asbestos-based plastic material caused one of the more spectacular 

explosions during development. The rig in this case was fed with LO,, and 

the heat generated by one of the bearings in the presence of oxygen caused its 

ignition and subsequent disappearance, together with part of the shaft. Fig. 8 
shows the rig after the failure. 














Fic. 7. Bearing test rig 
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Fic. 8. Plastic bearing rig failure 


As a result of experiments with the bearing rig, the pump was re-designed 
with ball bearings instead of plain bushes, and was then set to pump oxygen, 
whereupon the blades promptly broke off the impeller. Another pump was 
therefore made, using the comparatively successful bearings and seal from its 
predecessor but employing a shrouded impeller taken from a German pump 
running in the modified casing of one of the pumps from the Walter motor. 
This device survived long enough to pump some oxygen, thereby giving some 
encouragement, but suffered from some fresh troubles. Its capacity was low, 
both in flow and pressure, it was difficult to get it primed with liquid, the seal 
rapidly became scored, and the rear bearing went on fire. This last was 
apparently caused by leakage of oil from the gearbox mixed with oxygen 
leaking past the damaged seal. 

Another version of this pump was produced in which the capacity had been 
increased by enlarging the impeller inlet and adding a booster stage.. The face 
seal was replaced by a spring-loaded leather gland and the fire risk was greatly 
reduced by interposing a shaft fitted with oil slinger disks between the pump 
and gearbox. This pump is shown in Fig. 9. It was the first pump to be used 
to feed the rocket and although its capacity limited the thrust to 1,300 lb. its 
use represented an important step in the development of the motor. 

Guided by the success of this experimental pump an entirely new pump was 
designed and built which incorporated the lessons learnt up to that time. It 
was to teach one more important lesson. The impeller and casing were made 
of light alloy, and during one test a bearing failure occurred which allowed the 
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Fic. 9. “‘Jaeter’” pump 


impeller to foul the casing. A violent explosion promptly occurred as the 
aluminium powder was ignited by the heat generated by friction, and the 
front of the pump disappeared down the test cell. In addition to this serious 
weakness the bearings had an unacceptably short life, and in the next design 
the two ball races were replaced by a heavy double-row ball-bearing next to the 
impeller and a roller race at the other end. 

Besides this change in mechanical design the impeller was cast in bronze 
instead of light alloy and the casing was lined with stainless steel. An earlier 
test during which a bronze impeller had rubbed against a stainless steel face in 
LO, for several minutes had demonstrated the practicability of this combination 
of materials. This pump also incorporated a device for improving the priming. 
Throughout the development of the liquid oxygen pump various schemes had 
been tried to get rid of vapour formed in cooling the pump and its associated 
pipes so that the pump would be full of liquid at starting. The new design 
incorporated a vapour bleed valve through which, when the pump was 
stationary, vapour was bled from the highest point in the casing back to the 
tank. When the pump started and began to deliver oxygen under pressure, 
pressure was fed from the delivery side of the pump to a piston in the valve 
causing it to shut. 

In spite of the heavier bearing, failures still occurred, and it became apparent 
that unlubricated ball bearings running at 14,000 r.p.m. were not going to be 
able to carry the loads demanded of them. A final re-design therefore took 
place with the result shown in Fig. 10. It can be seen that the bearings were 
reversed and the heavy double-row ball bearing—which carried most of the 
load—was put at the gearbox end of the shaft. Moreover oil seals were fitted 
between the bearing and the oxygen seal, so this heavily loaded bearing was now 
lubricated from the gearbox. The same elaborate arrangements for separating 
oxygen and oil still existed. The life of this pump was now governed by the 
life of the roller race near the impeller. It was made of stainless steel and 
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Fic. 10. Flight LO, pump 


although it was unlubricated it enabled the pump to be run for a few hours 
instead of a few minutes. In this form the pump was used for the ‘‘Snarler.”’ 


Gearbox 

The gearbox assembly for driving the pumps was a fairly straightforward 
development job. It had to fulfil two functions: first, to divide the drive from 
the Nene into two parts for the two pumps and to step up the speed from 
5,000 to 14,000 r.p.m., and second, to provide a means of clutching the pumps 
in and out so that they were not running all the time the Nene was running. 
The drive was taken through a simple epicyclic train arranged so that application 
of a band brake to the outside caused the pumps to be driven. The band brake 
was applied by means of a piston fed with compressed air from the rocket 
control system. The most serious trouble with this gearbox remained hidden 
until the Special Category Test was attempted, whereupon the bronze bushes 
on which the planet gears ran seized time after time. Two or three weeks 
intensive work resulted in a change in the design of these bushes which com- 
pletely cured the fault, and no other troubles worth mentioning were 
encountered. 


Valves 

There remain now only the valves to discuss briefly. It may be remembered 
that all the liquid control valves were operated by compressed air acting on a 
piston. This is common practice in rocket engineering; valves situated in 
awkward places can be operated easily and positively and their moment of 
operating can be controlled very precisely. Apart from the small solenoid- 
operated air valves and pressure-operated switches, which were commercially 
available, four principal types of valve were required for both the fuel and 
oxygen systems. These were the main on-off stop valve, a similar but much 
smaller valve controlling flow to the igniter; a valve controlling flow round the 
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by-pass system, and the throttle 
valve. The general design of 
these was the same for fuel as 
for oxygen, the differences be- 
ing in the stem and piston 
seals. The fuel valves were 
quite straightforward, while 
oxygen valve development is 
epitomized by the history of the 
main stop valve. 
The first of these was based 
Fic. 11. First LO, stop valve on a German hydrogen per- 
oxide valve and as may be 
seen from Fig. 11 it had a very poor hydraulic shape. This could obviously 
be improved and it was followed by a more streamlined effort in which 
the pressure loss was reduced to about one third of its previous value, 
Fig. 12. A considerable effort was made to find adequate seals for the operating 
piston and the stem. All kinds of synthetic rubber grew brittle and useless at 
temperatures below —40°C., but it was found that water-dressed leather 
remained fairly flexible down to —180°C., while treating it with beeswax 
improved its properties as a seal material. Seals were made of this material 
in a variety of different shapes and eventually wedge-section rings were chosen 
as being easily made and quite reliable. 
At first the stop valve and by-pass valve were joined together, while the 

















throttle valve and 
igniter valve were 
separate components, 
but later all four 
valves were combined 
into one valve block. 
The so-called throttle 
valve was almost a 
replica of the main 
stop valve with the 
exception of two 
metering holes drilled 
through the head. 

Each type of valve — 
was given an endur- 
ance test before using 
it on an engine. This 
was done with the help 
of a simple device 
which supplied and 
counted electrical impulses to a solenoid-operated air valve feeding com- 
pressed air to the valve under test, which was piped up to an appropriate 
supply of fuel or oxygen. Once started, this device automatically operated 





Fic. 12. Streamlined LO, valve 
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the valve several thousand times and provided a record of the number of 


operations. 


Flight Testing 

By the beginning of 1950 all the parts of the rocket were developed far 
enough to attempt a Special Category Test of the complete motor. This is a 
test laid down by the Ministry of Supply in order to prove the reliability of an 
engine. A number of runs has to be carried out over the whole working range 
of the engine, and when the test has been completed satisfactorily the engine is 
cleared for a limited amount of experimental flying. In the case of this par- 
ticular engine an endurance test of the gearbox and pumps had first to be 
completed, and this was followed by thirty-six firings, amounting to about 
70 minutes firing time. After meeting and overcoming troubles with the igniter 
and the gearbox, the Special Category Test was finally completed in May, 1950, 
and work began on installing the ‘‘Snarler’’ in the Hawker P.1040 aircraft, the 
prototype of the Sea Hawk. With the rocket fitted this became the P.1072. 
Fig. 13 (on page 228) shows the ‘‘Snarler’’ installation. 

Some ground running of the rocket in the aircraft was done during August, 
and it was found that in spite of the care taken over the Special Category Test, 
the pipe runs in the aircraft had not been reproduced closely enough on the 
test-bed and the oxygen pump would not prime reliably. A replica of the 
aircraft oxygen system was therefore built on the test bed and an intensive 
attack was launched on this problem. Less than a month later a solution had 
been found and approved for flight, and towards the end of September the 
aircraft was again ready. For various reasons, however, no running was done 
until November when five successful ground runs were completed. 

Everything was now set for the first flight, which took place from Bitteswell 
Aerodrome, near Rugby, on November 20. It was a rather grey November 
day with odd patches of clear sky here and there, and the plan was for ‘“‘Wimpey”’ 
Wade to take off, climb above the clouds, and fire the rocket in a climb into the 
clear sky above. To the little group of people clustered together in the middle 
of the aerodrome it seemed suddenly very lonely after the bustle of the previous 
few hours culminating in the noise and excitement of the take-off. Once above 
the clouds, nothing could be seen of the aircraft and as the minutes dragged 
by the only news was given by an occasional distant roar, whether from the 
rocket or the Nene, or even whether it was that aeroplane, there was no means 
of telling. Just as the tension became unbearable the aircraft appeared low 
over the airfield, rolled as it flew overhead, and disappeared again to come in to 
land. The first firing in flight had been successfully completed. The per- 
formance of the aircraft is still secret, but ““Wimpey’’ Wade described it as 
“going up like a bloody rocket.”’ 

The ‘“‘Snarler’’ was fired five more times in flight, the last three times by 
Neville Duke. In his book, Test Pilot, Duke refers to a slight mishap on the 
last of these flights. It was the only trouble experienced during these tests, 
and although it was not the fault of the rocket it could have been serious. 
Pressures in the rocket motor were measured by so-called transmitting pressure 
gauges in which the pressure is applied to one side of a diaphragm in a sealed 
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capsule. Trapped between the diaphragm and the indicator is a line filled 
with inert liquid. In this case the liquid was by no means inert and consisted 
of a mixture of castor oil and paraffin. The diaphragm of one of the instru- 
ments measuring oxygen pressure failed and allowed the oil to leak into the 
oxygen part of the capsule. On the next firing the rapid pressurisation of the 
oxygen caused the oxygen-oil mixture to ignite, and a small fire broke out 
which extinguished itself during flight. 

Six flights may seem a very poor return for the work put into the develop- 
ment of this engine, and so it was. It was intended to do more, but the aircraft 
was grounded for reasons unconnected with the rocket and never flew again 
with the ‘‘Snarler’” running. Short though it was, however, the flight testing 
had demonstrated clearly that liquid oxygen rockets are a perfectly feasible 
proposition for a piloted aircraft and that they have a very marked effect on its 
performance. 


Subsequent Development 

Work on the “Snarler’’ continued for a time. Further development was 
carried out on the combustion chamber, and a re-design of the injector resulted 
in an improved specific impulse. The control system was also made more 
compact without sacrificing its safety. But then this work ceased as more 
effort was put into other projects for which the development of the ‘‘Snarler’”’ 
had provided invaluable experience. 

Thanks are due to Messrs. Armstrong Siddeley Motors Limited for allowing 
this paper to be published and to the Ministry of Supply for allowing the 
material contained in it to be used. 


JOURNAL BINDINGS 

Arrangements have been made with our printers for binding the Journal 
at a cost of 8s. (post free). The volumes are in dark green, with gilt lettering. 
Earlier volumes may also be bound in the same manner. 

All you need do to obtain your Journal in this smart and convenient form is 
to send the six issues, plus Index sheets (to be issued early in 1955) to W. Heffer & 
Sons, Hills Road, Cambridge, with the necessary 8s. Please do not send them to 
the Society! 





H. K. LEWIS & Co. Ltd. 
Scientific and Technical Booksellers 


A SELECTION OF BOOKS ON ASTRONAUTICS, ASTRONOMY AND 
METEOROLOGY ALWAYS AVAILABLE 


LENDING LIBRARY — SCIENTIFIC AND TECHNICAL 
Annual Subscription from TWENTY-FIVE SHILLINGS 
THE LIBRARY CATALOGUE revised to December, 1949, containing a classified 
Index of Authors and Subjects. 
To subscribers 17s. 6d. net. To non-subscribers 35s. net, postage Is. 3d. Supplement 1950 to 1952. 
To subscribers 3s. net; to non-subscribers 6s. net; postage 6d. Bi-monthly List of New Books and New 
Editions added to the Library, sent post free to all subscribers regularly 








H. K. LEWIS & Co. Ltd., 136 Gower Street, London, W.C.|! 


Telephone: EUSton 4282 | 

















230 


K. W. 


GATLAND, F.R.A.S. 


DATA SHEETS 
By K. W. GaTLAND, F.R.A:S. 


WASSERFALL (Germany). 


(a) 


(5) 
(c) 
(d) 
(e) 
(f) 
(g) 
(A) 
(7) 
(A) 


Notes: Launched vertically from small platform (as A-4) ; no booster. 


Role: Anti-aircraft, surface-to- 
air. 

Origin: 1943. 

Length: 25-7 ft. 

Diameter, body (max.) : 2-66 ft. 
Diameter, over fins: 8-2 ft. 
Diameter, over wings: 7°8 ft. 
Weight, launching: 7,800 Ib. 
Weight, propellant: 4,340 Ib. 
Weight, payload: 674 lb. 
Thrust: 17,160 lb. x 40 sec. 


= 


Velocity (Max.): 2,165 ft./sec. 
Altitude: 11-3 miles. 

Range: 30 miles. 

Propellant: nitric acid/visol (a 
mixture of vinyl ethers). 
Feed-system: gas-producer using 


‘main propellants/or slow-burning 


cartridge (alternative). 

Control: Gyro-controlled exhaust 
vanes and aerodynamic rudders/ 
beam guidance. 


Design 


based on ability to destroy aircraft flying at 60,000 ft. at 560 m.p.h. at a 


distance of 30 miles from launching point of missile. 
44 test launchings, mostly successful. 


miinde from A-5 and A-7 designs. 
Development had progressed to stage where missile could be manoeuvred 
with ‘‘joy stick” from the ground, with fully automatic guidance system well 


advanced. 


Developed at Peene- 


REFERENCE 
(1) ‘“‘Development of the Guided Missile,” by K. W. Gatland (2nd edition), Iliffe and Sons, 


London, 1954. 


OERLIKON TYPE 54 (Switzerland)—Oerlikon Machine Tool Works, Biihrle 


(a) 
(0) 


(c) 
(d) 


(2) 


and Co. 


Role: 
air. 
Origin: 1954. 

Length: 19-7 ft. 

Diameter, body (max.): 1-31 ft. 
Diameter, over fins: not available. 
Diameter, over wings: 4-2 ft. 
Weight, launching: 772 Ib. 
Weight, propellant: 331 Ib. 
Weight, payload: not available. 
Thrust: 2,205 lb « 30 sec. 
Velocity (max): not available. 


Anti-aircraft, surface-to- 


(m) 


(n) 
(P) 


(9) 
(r) 


Altitude: 5-6 miles (at cut-off), 
9-3 miles (max.). 

Range: 15-5 miles. 

Propellant: white fuming nitric 
acid/kerosene. 

Feed system: compressed _nitro- 
gen (4,410 Ib./sq. in.). 

Control: combined _ steerable 
motor and external tail vanes, 
gyro-controlled/beam-rider guid- 
ance system. 


Notes: Four cruciform delta wings displaceable fore-and-aft according to 
pre-determined time programme to compensate for rapid changes in weight, 
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Wasserfall 





Oerlikon Type 54 Missile 


lift and c.g. position. Rocket motor gimbal mounted to obtain control 
response by thrust deflection. Four tail vanes (with forward sweep) linked 
with steerable motor; after cut-off of motor, vane movement coarsened to 
compensate for loss of thrust controi. Ignition fluid: Triethylamine and 
Xylidine. 

Missile body wound in light alloy and glued with a metal bonding adhesive; 
wings of sandwich construction. 

Electrical supply: turbine driven by compressed nitrogen gas and synchro- 
generator. Electro-hydraulic servo system (for deviating motor and tail 
vanes). 

Missile recoverable in two sections (containing electronics and propulsion 
unit respectively) for test and training purposes, by parachutes ; in emergency, 
cut-off of rocket motor effected by radio command with immediate deploy- 
ment of recovery parachutes. 


REFERENCES 


(1) “The Oerlikon Anti-Aircraft Guided-Missile Type 54,’ Brochure No. 1720, Oerlikon 


Machine Tool Works, Biihrle and Co., Zurich-Oerlikon, Switzerland. 


(2) “Swiss guided missile,’ Flight, Jan. 7, 1955, pp. 7-9. 
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R.A.E./VICKERS ROCKET MODEL (Gt. Britain)—Royal Aircraft Estab- 
lishment/Vickers-Armstrongs, Ltd. 


(a) Role: aerodynamic research, (m) Altitude: launched at 6-8 miles. 


transonic/air launched. (x) Range: 22 miles (after launching 
(b) Origin: 1945 (contract). at 6-8 miles alt.). 
2 : 10-99 ft. 
(c) Length: 1¢ ft (p) Propellant: hydrogen - peroxide 


(2) Diameter, body (max.): 1-5 ft. 


(e) Diameter, over fins: 4-47 ft. (tail- (307% )/methyl alcohol (57%) + 


hydrazine hydrate (30%) + 


plane). . z 
(f) Diameter, over wings: 8-07 ft. water (5R)- 
(g) Weight, launching: 937 lb. (g) Feed system: compressed air. 
(kh) Weight, propellant: 304 Ib. (r) Control: autopilot (modified Ger- 
(7) Weight, payload: not available. man V-1l “‘flying-bomb’”’ unit) 
(k) Thrust: 900 Ib. x 58 sec. acting on ailerons and all-moving 
(1) Velocity (max.): 1,000 to 1,300 tailplane. 

ft./sec. 





NoTEs: Design based on Miles E.24/43 
transonic research aircraft to 03 
scale. Three complete test models 
built, one successful (achieved Mach 
1-38 in level flight, October 9, 1948). 
Five fuselage-only models built and 
dropped from high altitude during 
ignition tests (February to October, 
1948). R.A.E. Alpha rocket motor, 
uncooled; graphite nozzle and liner. 

Gross wing area 12-75 sq. ft., bi- 
convex aerofoil section (7-5 per cent. 
nine Ok Cee thickness ratio at root tapering to 4-0 

pak per cent. at tips). Six-channel tele- 

metering unit (giving horizontal tail angle; combustion chamber pressure; 
static pressure; dynamic pressure; vertical and horizontal accelerations). 

Also, radar tracking from ground station. 

Modified de Havilland Mosquito XVIB used as launching aircraft, 
model slung externally beneath bomb-bay. Model dropped horizontally 
with approximately 6 sec. ignition delay. 

Tests made over sea in vicinity of Scilly Isles (May, 1947 to October, 1948). 





(1) 
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REFERENCES 
(1) ‘‘Flight trials of a rocket propelled transonic research model: the R.A.E. Vickers 
Rocket Model,”’ Parts I to IV, by the Staff of the Supersonics Division, Flight 
Section, R.A.E., March, 1950. (Aeronautical Research Council's Technical Report 
R. and M. No. 2835). 
(2) ‘“‘The opportunity that was not seized,’’ by D. A. Anderton, Aviation Week., Jan. 31, 
1955. 


FAIREY V.T.O. (Gt. Britain).—Fairey Aviation Company. 


(a) Role: research, ground launched (k) Thrust: 2 x 900 lb. 


(see notes). (1) Velocity (max.): not available. 
(6) Origin: 1950. (m) Altitude: not available. 
(c) Length: 11-2 ft. (m) Range: not available. 
(d) Diameter, body (max.): 2-0 ft. (p) Propellant: methyl alcohol (57%) 
(ec) Diameter, over fins: not applic- hydrazine hydrate (30%) + 
able. water (13%). 
(f) Diameter, over wings: 10-0 ft. (gq) Feed system: hydrogen peroxide 
(g) Weight, launching: not available. turbo-pump. 


(h) Weight, propellant: not available. (7) Control: see notes. 
(j) Weight, payload: not available. 





Notes: Model designed to explore 
practicability of launching inter- 
ceptors from short ramps at low 
accelerations, including near verti- 
cal ascents. R.A.E./Fairey Beta 
rocket motor (twin chambers, one 
controllable in pitch and one in 
yaw by gyro-pilot). Two 600 lb. 
thrust solid-propellant boosters 
used during initial stages of ascent. 
Delta configuration with single 
vertical fin; an experimental pro- 
totype for the Fairey FD-1 research 
aircraft. 

Fairey V.T.O. (H.A.L.A.) 





REFERENCE 
(1) Development of the Guided Missile, by K. W. Gatland (2nd edition), Iliffe and Sons, 
London, 1954. 
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a 


PREPARING A DEACON ROCKET 
One of a series of balloon-borne rockets used to test cosmic radiation and pressure, 
temperature and density of the upper atmosphere. These balloons can lift rockets 
to an altitude of 70,000 feet or higher, before the rocket is automatically fired. A 
maximum altitude of 60 miles has been attained by this means. 
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NOTES AND NEWS 


“Spaceflight”—A New Popular Journal 

At a recent meeting of the Council it was decided to proceed with the 
publication of a new popular magazine, to be called Staceflight. 

The magazine is to be of a large format, well illustrated and contain articles 
and contributions of a wide general interest. 

Arrangements are now being made for the preparation of the first issue, and 
an invitation is extended to all members who would be interested in providing 
material for future issues. 

Articles, photographs, drawings, and pictures will be welcomed, as it is 
hoped that a large measure of support for the new venture will be forthcoming 
in order to ensure its success. 

The new publication will probably not be published initially as a regular 
venture, as some degree of experience will be required before final decisions are 
taken as to the re-arrangement of the Society’s publication plans, and naturally 
much will depend on the available finance. 

The first issue is expected to be published early next year and will be 
distributed to all members free of charge. 


Popular Magazine on Astronautics—<An Invitation to Artists 

As it is felt that the front cover of the Society’s new magazine should be 
as attractive as possible, an invitation is extended to all members with artistic 
ability to turn their hands to providing suitable illustrations which could be 
used. 

These drawings or paintings may be either actual scenes or of an imaginative 
character, or may even consist of line drawings only, e.g., as adopted with such 
great success in the issues of Weltraumfahrt. 

Interested members are invited to send details of any drawings they may 
possess or have in mind direct to the BIS Secretary, who is responsible for 
submitting them to the Publications Committee for consideration. 


The De Havilland “Spectre” 

The de Havilland Engine Company Limited recently announced the exist- 
ence of a new liquid-propellent rocket motor, the “Spectre,” which was 
specifically designed for high-performance interceptor-fighters capable of 
achieving very high supersonic speeds and of being operated in rarefied atmos- 
phere beyond the scope of conventional engines. 

Experience gained with the ‘‘Super Sprite’ assisted take-off rocket has been 
applied to the new de Havilland ‘‘Spectre,” and the combination of the Spectre 
with the Gyron type of engine will provide a mixed-power-plant formula which, 
in addition to the more obvious advantages of speed, acceleration, and 
manoeuvrability in the stratosphere, will make possible an ability to perform 
a very rapid take-off and to maintain an outstanding rate of climb to extreme 
altitudes. 

Flight trials with the ‘“‘Spectre” are scheduled to take place this Summer. 
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Models displayed at the South African Interplanetary Society Exhibition in 
Johannesburg recently 


General view on the opening of the Exhibition 
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Astronautica Acta 
The first issue of Astronautica Acta, for January 1955, has just been pub- 
lished by Springer-Verlag, Vienna 1, Mélkerbastei 5, and is available by 
subscription through any bookseller, price £3 2s. per volume plus postage, each 
volume consisting of four quarterly issues. 
The first issue, which runs to 60 pages, contains an introduction by Dr. 
W. von Braun and the following papers :— 
(i) Dr. I. Sanger-Bredt “Die Erforschung der Initialvorgange bei Ver- 
brennungsprozessen.”’ 
(ii) Dr. H. Strughold, “Space Equivalent Conditions Within the Earth’s 
Atmosphere. Physiological Aspects.” 
(iii) D. F. Lawden, “Optimal Programming of Rocket Thrust Direction.” 
(iv) J. Eugster, ‘‘Uber den Nachweis von schweren Primaren der kosmischen 
Strahlung mittels einer Farbstoffmethode.”’ 
Members of the BIS, by agreement with the publishers, may subscribe to 
this Journal at a rate 20 per cent. less than the above price. 


Russian Interest in Astronautics 

The Presidium of the Academy of Sciences of the U.S.S.R. has instituted 
a gold medal in honour of K. E. Tsiolkovsky, to be awarded every three years 
for outstanding work in the field of interplanetary communication. Control 
of the competition for the medal will be in the hands of the Commission (of the 
Astronomical Council of the Academy) for the Co-ordination and Control of 
Scientific and Theoretical Work on the Organisation and Realisation of Inter- 
planetary Communication. 


Back Issues of the Journal 

A number of copies of back issues of the Society’s Journal are available for 
sale, and members who wish to possess sets as nearly complete as possible are 
advised to write to the Secretary indicating which copies they require. 

In addition to single copies, which are available at 4s. each, a number of 
complete volumes may also be obtained at a cost of {1 5s., post free. 

When ordering, members are advised to quote alternatives wherever possible, 
as the stock available is very limited. 
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ABSTRACTS 
Edited by J. HUMPHRIES 


A list of abbreviations of titles of journals was included with the 1954 index 
and an addendum was given in the last Journal. A further addendum is 
given below. 

Chartered Mech. Engr. Chartered Mechanical Engineer. 


AERODYNAMICS 


(146) Functions of Prandtl-Meyer angle for supersonic nozzle design. H. N. 
Riise. Calif. Inst. Tech., Jet Prop. Lab. Pub. No. 26, 103 pp. (Dec., 1953). 

(147) Characteristics of free supersonic jets exhausting into quiescent air. 
A. R. Anderson and F. R. Johns. Jet Propulsion, 25, 13-15, 25 (Jan., 1955). Experi- 
mental work on two supersonic heated-air jets and three types of solid-propellant rockets 
are presented. It is concluded that non-dimensional velocity and temperature profiles are 
similar for both the heated-air jet and the rockets and that after the free supersonic jet 
decays to the sonic point, it can be treated as a normal shock-free parallel flow jet. (4 refs.) 


AIRCRAFT 

See also abs. no. 192. 

(148) Flight trials of a rocket-propelled transonic research model: the R.A.E.— 
Vickers rocket model. J. Swanetal. A.R.C. R.& M. No. 2835, 63 pp. (1954). The 
main body o! the report is a historical review of the project, a brief description of the test 
vehicle and experimental techniques and detailed analysis of the final (3rd) successful 
flight trial. A series of appendices give detailed descriptions of the test vehicle, ancillary 
equipment and development work leading up to the final trial. (19 refs.) 

(149) Anti-spin rockets. JIJnteravia, 9, 770 (Nov., 1954). The use of solid rockets 
mounted at the wing-tips for pulling aircraft out of spins. 

(150) Rocket propulsion for aircraft. Flight, 67, 197-201 (Feb. 18, 1955). Review 
of A. D. Baxter’s lecture to the Roya! Aeronautical Society. Detailed comparison of 
rockets and turbo-jets for various applications. Investigation of performance of liquid 
propellants and the possibility of the reduction of consumption, e.g. by the use of aug- 
mentors and the combination of rockets and turbo-jets. 


ASTRONAUTICS 

(151) LA.F. at Innsbruck: report from official A.R.S. delegate in attendance. 
Jet Propulsion, 25, 46-48 (Jan., 1955). Résumé of official business and abstracts of some 
of the technical papers. 

(152) A new design for the space station. K. Durbin. /. Space Flight, 7 (1), 1-6 
(Jan., 1955). 

(153) On the utility of an artificial unmanned earth satellite. Jet Propulsion, 
25, 71-78 (Feb., 1955). A proposal to the National Science Foundation prepared by the 
A.R.S. Space Flight Committee recommending that the Foundation sponsor a study of 
the utility of an artificial unmanned satellite. There are six appendices: ‘‘Astronomical 
observations from a satellite,’’ I. S. Bowen. ‘Biological experimentation with an un- 
manned temporary satellite,’ H. J. Schaefer. ‘‘The satellite vehicle and physics of the 
Earth’s upper atmosphere,” H. E. Newell. ‘“Comments concerning meteorological interests 
in an orbiting unmanned space vehicle,’’ E. Bollay. ‘The geodetic significance of an 
artificial satellite,’’ J. O’Keefe. ‘‘Orbital Radio Relays,’’ J. R. Pierce. 


ASTRONOMY 
(154) Nature and evolution of interstellar matter. E. Schatzman. Astronomie, 
68, 445-468 (Dec., 1954). (In French.) 
(155) Martian phenomena suggesting volcanic activity. T. Saheki. Sky and 
Telescope, 14, 144-146 (Feb., 1955). Discussion and interpretation of Japanese observations 
indicating possible vulcanism on Mars. 
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(156) Possibility of other satellites of the Earth. J. B. Bagby. Proc. Astron- 
omical League Convention, Univ. Wisconsin, 44-50 (March, 1955). General survey. 
(157) Three riddles of Plato. J.T. Carle. Sky and Telescope, 14, 221-224 (April, 
1955). Some curious variations suggesting mild activity on the surface 


ATMOSPHERE 
(158) Propagation measurements in the ionosphere, with the aid of rockets. 
J. ©. Seddon. Jj. Geophys. Res., 58, 323-335 (Sept., 1953). Daytime measurements of 
electron density, ion density, electron collision frequency and earth's magnetic field. 


MATERIALS 
(159) Heat-insulating coating. J. L. Utter. U.S. Pat. No. 2,683,667 (July 13, 
1954) A mixture for coating rocket combustion chambers, comprising magnesium oxide, 


silicon dioxide, ethyl silicate, methyl alcohol and phosphoric anhydride. 

160) Buckling efficiencies of plate materials at elevated temperatures. G 
Gerard ]. Aero. Sci., 22, 194-196 (March, 1955). Several materials are evaluated on the 
basis of short-time elevated temperature properties. Efficient temperature ranges of 
application for the materials considered are determined. Relative weight penalties resulting 
from decreased physical properties at elevated temperatures are indicated. (6 refs.) 


MISCELLANEOUS 


161) Ninth Annual A.R.S. Convention brings 1100 to N.Y. Jet Propulsion, 
25, 40-43, 55 (Jan., 1955). Review of Convention and abstracts of technical papers 


PHYSICS 

See also abs. no. 191 

(162) Melting-point measurements for the nitric acid-dinitrogen tetroxide- 
water system. G. Elverum and D. Mason. Calif. Inst. Tech., Jet Prop. Lab. Prog. Rep 
No. 20-224, 12 pp. (May, 1954) 

(163) Thermal conductivity of condensed gases. II. The thermal con- 
ductivities of liquid normal and liquid parahydrogen from 15° to 27° K. R. W 
Powers, R. W. Mattox and H. L. Johnston J]. Amer. Chem. Soc., 76, 5972-5973 (Dec. 5, 


1954). The thermal conductivity was found to be independent of the ortho-para com- 
position and can be expressed as K (1-702 + 0-05573 T) x 10~* cal. cm.-" sec.-* deg.-! 
(3 refs.) 


(164) Transient, radial heat conduction in hollow circular cylinders. R. D 
Geckler. Jet Propulsion, 25, 31-35, 30 (Jan., 1955) Numerical tables are given and 
application is made to the problem of sudden temperature change in the environment of a 
solid propellant rocket. (6 refs.) 

(165) Application of droplet ballistics theory to experiments of Ingebo. C. C 
Miesse. Jet Propulsion, 25, 36 (Jan., 1955) (2 refs.) 

(166) On the relationship between fluid friction and heat transfer in nucleate 
boiling. KR. H. Sabersky and H. E. Mulligan. Jet Propulsion, 25, 9-12 (Jan., 1955) 
Experimentally determined values of the friction and heat-transfer coefficients of water 
in a tube are given approximately by the equation Cpr/2 = Cy. It appears therefore that 
the effect of bubbles is a hydrodynamic one, leading to an increase in heat exchange as well 
as in momentum exchange. (7 refs.) 

(167) On the start of nucleation in boiling heat transfer. RK. H. Sabersky and 
C. W. Gates. Jet Propulsion, 25, 67-70 (Feb., 1955). Experiments with electrically heated 
wires show that nucleation occurs only at a temperature considerably above the normal 
boiling point. As soon as nucleation takes place the wire temperature abruptly drops. 
(6 refs.) 

PROJECTILES 

(168) Reliability of guided missiles. R. Lusser. Redstone Arsenal, 17 pp. (Sept., 

1954). 


(169) The Viking-9 firings. M. Rosen, J. Bridger and R. Snodgrass. Naval Res. 
Lab. Rep. No. 4407 (Rocket Res. Rep. No. 14), 40 pp. (Oct., 1954). 
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Dec., 1954). General review with emphasis on the use of solids. 

(171) Some navigation problems at a guided missile range. G. L. Elliott and 
R. Weller. Navigation, 4, 145-151 (Dec., 1954). Point Mugu test range is described and 
some of the problems discussed, e.g. wind effects, tracking methods and safety controls 

(172) Guided missiles. G. W. H. Gardner. Chartered Mech. Engr., 2, 5-22 (Jan., 
1955). (For abs. see /. Brit. Interplanet. Soc., 14, 108, abs. no. 79 (March-April, 1955).) 

(173) Application of the ONERA telecommand system. kK. Benoist. Rech 
Aéronaut. (43), 33-36 (Jan.-Feb., 1955). (In French.) Description of the ‘‘all-or-none” 
equipment and its performance 

(174) The series of tests of 27th Oct., 1954—its aims. P. Lygrisse. Rech 
Aéronaut. (43), 9-14 (Jan.-Feb., 1955). (In French). During the past two years 130 trials 
have been made with projectiles for aerodynamic research purposes. The equipment used 
for the eight tests on 27th Oct., 1954 and the results are discussed 

(175) Guided missiles. devo Dig., 70 (3), 22-25 (March, 1955) Listed data and 
illustrations of Bomarc, Regulus, Terrier, Nike, Petrel, Hermes, Corporal, Viking, Matador 
and Sparrow. 


(170) Artillery for tomorrow. A. J. Zaehringer. Ordnance, 39, 379-380 (Nov.- 


RADIO AND ELECTRONICS 

(176) Application of the ONERA radio-telemetry system. G. Moussette 
Rech. Aéronaut. (43), 27-32 ( Jan.-Feb., 1955). (In French) Description of the equipment 
and its performance. 

ROCKET MOTORS 

(177) Method and apparatus for generating a stream of hot gases under 
pressure. A. C. Hutchinson, D. Hardie and Imperial Chemical Industries, Ltd. Brit 
Pat. No. 714,144 (1954). Gas generator using a nitric ester of a saturated aliphatic mono- 
hydric alcohol with electric spark ignition. 

(178) Means for supplying propellants to a rocket motor. Armstrong Siddeley 
Motors, Ltd. Brit. Pat. No. 702,779 (Jan. 20, 1954). Use of evaporated oxidant to drive 
the turbine of a turbo-pump unit, the oxidant then being passed to the main combustion 
chamber. 

(179) Approximate theoretical calculations of the effect of cylindrical tailpipes 
on the thrust of a rocket motor. D. M. Clemmow. Royal Aivrcrajt Establishment, 
Rocket Propulsion Dept. Rep. No. 18, 57 pp. (March, 1954). 

(180) China Lake pilot plant static-firing facilities. LL. W. Hart. U.S. Naval 
Ord. Test Sta. Tech. Memo No. 1034, 71 pp. (April, 1954). 

(181) Combustion problems in liquid fuel rocket engines. S.S. Penner. Calif. 
Inst. Tech., Jet Prop. Lab. Tech. Rep. No. 7, 41 pp. (dug., 1954). 

(182) Some measurements of noise from three solid-fuel rocket engines. 
L. W. Lassiter and R. H. Heitkotter. N.A.C.A. Tech. Note No. 3316, 21 pp. (Dec., 1954) 
Frequency spectra and overall pressure data were obtained along a semi-circle of 50 ft. 
radius. ‘The spectra were shown to be random and the angular distribution a maximum 
at 45° off the jet axis downstream. (10 refs.) 

(183) Improvements in or relating to rocket type jet propulsion units. D 
Napier & Son., Ltd. Brit. Pat. No. 719, 946. (Dec. 8, 1954). Use of a safe monopropellant 
with a main combustion chamber and a cruising chamber. 

(184) Velocity lag of particles in linearly accelerated combustion gases. M. 
Gilbert, L. Davis and D. Altman. /et Propulsion, 25, 26-30 (jJan., 1955) Two cases are 
discussed. It is shown that even very small particles lag appreciably through the reaction 
zone of a laminar flame and the significance of this lag in combustion experiments is con- 
sidered. The second case is that of solid particles in rocket gases. For a system containing 
20 per cent. solid of 100-micron particles, the lag causes a 3 per cent. loss in specific impulse 
in a 1300 lb. thrust motor. (7 refs.) 

(185) The mechanics of film cooling. Pt. II. E.L. Knuth. Jet Propulsion, 25, 
16-25 (Jan., 1955). (30 refs.). (For abs. see J. Brit. Interplanet. Soc., 14, 109, abs. no. 93 
(March-April, 1955).) 

(186) Improvements in or relating to propellant supply systems for jet reaction 
rocket motors. Ministry of Supply. Brit. Pat. No. 721,962 (Jan. 19, 1955). Turbo- 
pump system. 
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(187) Improvements in and relating to rockets. Société d'Etude de la Pro- 
pulsion par Reaction. Brit. Pat. No. 722,706, 11 pp. (Jan. 26, 1955). The pressure of the 
hot gases in an ignition chamber operates the control for propellant supply to the main 
chamber. Ignition in the latter is by hot gases from the ignition chamber 

(188) One-dimensional, steady flow with mass addition and the effect of 
combustion chamber flow on rocket thrust. E.W. Price. Jet Propulsion, 25, 61-66, 
78 (Feb., 1955). An algebraic solution is given and its properties described. The coupled 
problems of mass addition mechanism and adjustment of the flow to exterior pressure are 
discussed for the case of the solid propellant rocket motor. (11 refs.) 


ROCKET PROPELLANTS 

See also abs. no. 183 

(189) Improvements in rocket motors. Société d'Etude de la Propulsion par 
Reaction. Brit. Pat. No. 718,029 (Nov. 10, 1954) Use of certain organo-metallic deri- 
vatives (spontaneously ignitable) for ignition of liquid-propellant rocket motors 

(190) On “Unstable burning of solid propellants.” S.-I. Cheng. Jet Propulsion, 
25, 79-81 (Feb., 1955). Comments on paper by L. Green, Jet Propulsion, 24, 252-253 
(July-Aug., 1954). (For abs. see /. Brit. Interplanet. Soc., 13, 359, abs. no. 343 (Nov., 1954).) 
(5 refs.) 

(191) Structure of flames from ammonium perchlorate propellant. R. W. 
Lawrence and A. O. Dekker. Jet Propulsion, 25, 81 (Feb., 1955). (4 refs.) 


ROCKET PROPULSION 
See also abs. nos. 150 and 161 
(192) J.P.L. work all started with JATO. /et Propulsion, 25, 39 (Jan., 1955) 
Review of J.P.L. facilities. 
(193) Implications of rocket propulsion. Flight, 67, 268-269 (March 4, 1955). 
Review of A. V. Cleaver’s lecture to the Royal United Service Institution. Covers the 
whole field of missiles, aircraft and space flight. 


THE DE HAVILLAND AIRCRAFT COMPANY LIMITED 
has vacancies for 
CHEMISTS 
for work in the following fields: 

(1) Metallurgical analysis of a wide variety of ferrous and non-ferrous metals and 
fundamental development of evaluation of plastics for structural and coating 
applications. 

Laboratory work for newly-formed Rocket Division of the Engine Company, 
including the development of catalysts for the decomposition of high strength 
hydrogen peroxide, and the evaluation of materials of construction for use 
with this and other propellants. An interest in physical chemistry would be 
of value in this work. 

3) Development and evaluation of new processing, plating and allied techniques 


Successful applicants will be engaged at the Central Laboratory, Stag Lane, on work 
of a non-routine nature offering ample scope for the exercise of initiative for those 
capable of working with the minimum of direct supervision. 
Applications in confidence, giving age, details of qualifications, experience and salary 
required to:— 
THE PERSONNEL OFFICER 
The de Havilland Aircraft Company Limited, 


Stag Lane, Edgware, Middlesex. 
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Frontier to Space 


(By E. Burgess, Chapman & Hall, Ltd., London, 174 pp., illustrated. 21s. net) 


This book is a history of the exploration of the envelope of the Earth. 
Although it is packed with information, it is presented in a narrative form 
which is extremely interesting and easily understood by the layman. 

It makes one realise the tremendous amount of work which has been done 
and perhaps more important, the amount of work still to be done before man 
can advance into space. We are given a clear picture of the complete envelope 
that surrounds the earth and of the protection that this affords us; we are made 
aware of the limits of man’s senses, especially his sight, and the dangers against 
which he must protect himself before he can reasonably make his first 
adventurous journey. 

Throughout, the facts and problems are presented against a background 
of rockets that are probing higher and deeper into space. This probing not 
only supplies us with valuable data of our envelope but also helps to solve 
rocket problems. It calls for the development of a variety of radio-telemetering 
equipment and efficient and accurate transmission and reception of radio 
information. It calls also for the utmost ingenuity in making the maximum 
use of the available payload space. 

Through these rocket probes an immense amount of information about our 
troposphere, ionosphere and exosphere has been obtained but it is, as yet, too 
early to assess its full value. The height of the troposphere is so small that it 
is difficult to realise the protection it affords and the danger to man outside 
this space. The problem of mans’ efficient protection may well outweigh the 
problems of propulsion. 

The necessity of team work is brought home and this work calls for sub- 
stantial monetary backing. The author makes us realise the immense amount 
of information which American research has given the world in this matter. 

The book is well illustrated and references are comprehensive so that any 
one of the numerous aspects can be followed up with ease. For the layman 
the double entry of miles and kilometres in the various tables is very helpful. 
The narrative style holds our interest from the first chapters, dealing with 
information obtained by means of balloons and radio observations right up to 
the last chapters dealing with the problems of the unmanned space station and 
of probing deep into space with unmanned rockets that will be capable of radio- 
telemetering back information. 

The author has given us a book which gives a realistic survey of the present 
position and the difficulties that are foreseen. He has collated an immense 
amount of information and presented it so that we can see a picture of the 
progress to date. He has also left us with a feeling that there is a great 
adventure ahead and that man will eventually be free to move into space. 


T. A. P. COLLEDGE. 
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Mysteries of Space and Time 


(By H. P. Wilkins, Ph.D., F.R.A.S., with illustrations. Frederick Muller, Ltd., 
London. 208 pp. 15s.) 

The first word of the title of this volume may mislead those who instinctively 
associate it with such fascinating cases as the Marie Celeste, Orrfyreus and his 
wheel, the Unquiet Coffins, the Man in the Iron Mask and other well-known 
puzzles. The mysteries Dr. Wilkins discusses here are unsolved problems con- 
cerning the Sun, the Moon, the planets, the Earth’s origin and subsequent 
history, the stars, those things we call space and time, flying saucers and many 
other topics, not all of them astronomical. 

The chapter on the Moon is extremely well done, as is to be expected since 
the author is one of the leading authorities on the subject, being Director of the 
British Astronomical Association, Lunar Section. In it, he points out that the 
picture of our satellite as a ‘dead world, destitute of the slightest vestige of 
atmosphere and water, where nothing ever happens,” is almost certainly untrue. 
There may be some slight volcanic activity, mists have been seen obscuring well- 
known features, other rock formations seem to have changed considerably in 
shape in the last century or two, and there may even be some low form of 
vegetation on the slopes of a number of the craters, though it must be emphasized 
that this last matter is very doubtful. A section in this chapter is devoted to 
O’Neill’s bridge, which received a good deal of press publicity recently. 

The chapters on Mars and the Solar System in general are well-written and 
lucid, and should give the layman the basic information on these subjects. In 
a book covering so many different topics, it is impossible to do more than touch 
on many of these subjects and one feels that it might have been wiser to deal 
more fully with fewer topics. But this is a small point and doubtless many of 
Dr. Wilkins’ readers, introduced by him to these topics for the first time, will 
seek more detailed information elsewhere. Indeed, this book would form an 
excellent gift by a parent or other relation for a teenager showing an interest in 
Astronomy. 

In the last chapter, it is perhaps a pity that in dealing with the origin of the 
Solar System, the Planetesimal Hypothesis of Chamberlin and Moulton should 
have been mentioned without the important objections to it and without giving 
at least brief mention to those less improbable theories such as von Weizsacker’s 
and Schmidt’s. 

The photographs and drawings by the author are well reproduced, the 
type is clear and the dust-cover is most attractive. In all, this book can be 
recommended as eminently readable. 


A. E. Roy. 


BOOK LIST 


The Society’s book list is now undergoing a major revision, and the new 
issue is expected to become generally available by the end of August. 

Copies can be obtained by all members free of charge on writing to the BIS 
Secretary, and will also be made available at general meetings next session. 
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